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The Motion of Idealized Vacuum Tube Filaments under Shock 


Harry S. THOMAS 
Tung-Sol Electric, Inc., Bloomfield, New Jersey 


(Received February 23, 1953) 


Theoretical expressions are found for the displacement of points on an ideal clamped-end string relative to 
the end points when the supports are given an acceleration normal to the string length at ‘=0. The accelera- 
tions considered have the form of (1) the Heaviside unit function, (2) the Dirac 6 function, and (3) the 
doublet impulse function. Approximate formulas for the maximum displacement of the string are derived 
for each of the three cases. Possible applications of the results to the problem of filament-grid shorts in 


certain vacuum tubes are briefly discussed. 





I. INTRODUCTION 


HE following analysis was undertaken for the 

purpose of acquiring theoretical information 
applicable to the elimination of filament to grid shorts 
in certain direct emission filamentary tube types under 
conditions of mechanical shock. At the present time 
the degree of applicability of the results obtained is not 
known. Some indications that certain filaments behave 
quite closely as ideal strings with clamped-end boundary 
conditions have been obtained by measuring the 
natural frequency of transverse vibration and comparing 
this with the frequency calculated from ideal string 
theory. 

The application of the results of this paper to tubes 
under shock involves the additional assumption that 
the filament supports, to a good approximation, are 
actually given the assumed accelerations. 


Il. SOLUTION OF THE DIFFERENTIAL EQUATION 


The equation governing transverse motion of an 
idealized string is 
Mu it= Tuz:tF, (1) 


where u« is the displacement normal to the length of 
the string, m is the mass per unit length, T is the 
tension, and F is the applied linear force density. 

In the present problem, if « is the displacement 
telative to the supports, which have an acceleration 
—a, F becomes am and (1) may be written 


Use= Uget+a, (2) 
where £= (m/T) x. 


If, now, @ is put equal to the &th time derivative of 
the Heaviside unit function, and the direct Laplace 
transform is applied in the time domain, (2) becomes 


GT pe — s27U(*) = — sh-1, (3) 


In (3), s is the usual complex variable involved in 
the Laplace Transform, @ is the Laplace transform of 
u, and the initial conditions u=u,=0 at t=0 have 
been applied. 

The Green’s function for (3) is found by solving 

Geu—s’G=2/A>_ sin (nwt’/d)sin(nré/d), (4) 


where G is the Green’s function, » is an integer, L is 

the filament length, \ is defined as L(m/T)!, and the 

right side is the expansion of 6(¢—£’) in orthonormal 

functions which satisfy the boundary conditions G=0 

at £=0, =X. 

The solution of (4) is 

G(é, &)= — (2/A)L [sin (né’/r) 
Xsin(nré/d) | (nx/A)?+s?}. (5) 

Next, # is found by using the Green’s function in the 

usual manner, 


i” = — fOG(E, #)s*1a’, 6) 
Gi = (4s*-!/)> > n odd 
{n[_(nw/d)?+s*]}— sin(mmt/d). (7) 
From (7), it is noted that 


GE) = 5G, (8) 
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Now, since 


“= ri tie*‘ds, (9) 


ut) = du /dt, (10) 


Thus, if (7) is solved for k=0, u for any greater k can be 
obtained by differentiation. 

Now, by application of (9) and (10), followed by 
transformation back to the original variables 


u = (4mL?/xT)¥n odd 


it follows that 


(1/n*)sin (mwx/L){1—cos[(mx/L)(T/m)*t}}, (11) 
u = (4L/x*)(m/T)*>-n odd 
(1/n*)[sin (nwx/L) l{sin[ (me/L)(T/m)#t}}, (12) 
u® = (4/r)>-n odd 
(1/n)[sin(mwx/L) ]{cos[ (nx/L)(T/m)'#]}. (13) 


If the applied acceleration is of amplitude A, (11), 
(12), and (13) are, of course, to be multiplied by this 
factor. 

It is pointed out that u“ for k>2 does not converge. 
It is physically reasonable that this should be the case. 


Ill. DISCUSSION 


For the case in which the applied acceleration is of 
the form of the Heaviside unit function, a good approx- 
imation to the maximum displacement of the string 
may be obtained by taking the maximum amplitude of 
the first harmonic term of u, This results in 


U max, = 8m L2/aT = 2/3 f?, 


where f is the fundamental frequency of the string. 
The form of (11) indicates that, in this case, the string 
vibrates about a steady-state curve given by 


U steady state= (4mL?/2°T)>-n odd 
(1/n*)[ sin (mwx/L) }. 


(14) 


(15) 
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It can easily be shown by expansion into a Fourier 
series that (15) represents a parabola having the form 


U steady state= (m/2T)x(L—x). (16) 


From (16) the maximum steady-state displacement is 
found to be 


U max. steady state= ML?/8T = (327). (17) 


Equation (17) gives the maximum displacement of an 
idealized filament in such a device as a rocket or 
centrifuge after transients have been damped out. 

In the case of the 6-function acceleration, a good 
approximation to the maximum displacement is 
obtained by taking the maximum amplitude of the 
first harmonic term of (12). This yields 


U” max. = (4L/x*) (m/T)*=2/n°f. (18) 


It appears that this result should apply fairly well to a 
situation in which a tube is suddenly given a large 
velocity which is followed by a gradual deceleration 
(which may be neglected) to rest. Such a situation is 
encountered in certain shock test machines provided 
that the accelerations due to traveling waves in the 
material of the machine can be neglected and that the 
time of initial acceleration is short in comparison with 
the natural period of the filament. 

The maximum displacement for the case of the 
doublet impulse acceleration is, from (13), 


Uu? max.= (4/r)>-n odd(1/n)[sin(nwx/L)]}. (19) 


This expression is the Fourier expansion of the function 
which is unity in the interval 0<x*<JZ and zero at the 
end points. Equation (19) therefore indicates that, 
if a tube is suddenly given a small displacement, the 
displacement of the filament relative to its supports is 
simply equal to the displacement given the tube. This 
conclusion may also be arrived at by a simple physical 
argument. 
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rae Pressure Response in Supersonic Wind-Tunnel Pressure Instrumentation* 
orm 
ARNOLD L. Ducorret 
(16) University of Michigan, Ann Arbor. Michigan 
mt is (Received January 13, 1953) 
In the development of high-speed aircraft, rockets, missles, etc., wind-tunnel pressure measurements at 
(17) supersonic velocities are necessary to determine certain aerodynamic characteristics. Because of the lack 
of knowledge concerning the proper choice of parameters in the design of pressure instrumentation, the 
of an response time has been known to exceed the running time in the case of the intermittent tunnel. Pressure 
t systems consisting of an orifice, a capillary tube, a length of connecting tubing, and a pressure-sensitive 
eC OF element connected in series are analyzed. The time required for the pressure in the pressure-sensitive 
: element to reach within 1 percent of the equilibrium pressure is defined as the response time of the system. 
good Experiments are conducted to determine the effect of the various geometric and dynamic parameters on the 
it is response time. Analytical solutions of the flow equations by numerical integration are carried out for the 
f the special case of a length of capillary tubing connected to the pressure-sensitive element for three different 
inside diameters. 
The data indicate that the response time can be maintained within acceptable limits for present-day 
supersonic wind-tunnel installations by proper choice of the geometric and dynamic parameters. The agree- 
(18) ment between theory and experiment, being quite satisfactory for the special case solved analytically, 
it indicated that the approximations in the derived flow equations are justified. 
oa 
large 
ration 
tam te NOTATION R= gas constant 
vided —— T=absolute temperature 
n the d= inside diameter of model tubing atten of — on eee 4s 
at the d,= inside diameter of connecting tubing X=non imensional spatial coordinate 
. with de= orifice diameter e= coefficient of external friction 
f=total number of gas molecules An= al free ae of molecules 
f the i= subscript to indicate spatial stations mele cient o prs, —_ 
j=subscript to indicate time stations eyiiles one viscosity coeilicien 
(19) k=constant (= RT) ™ pr? ae, ; f 
1=length of model tubing a” ensity at micron of pressure 
nction ].= length of connecting tubing Senapaiiiian “ie i 
at the m'=rate of mass flow C= COMCHERE OF Sp 
that, p= pressure 
it, the p-= capsule pressure FLOW SYCAsIes 
orts is pco= initial pressure in capsule reservoir at zero time HREE general types of flow can exist in capillary 
. This pm= Mean pressure tubes; namely, continuum flow, slip flow,! and 
rysical pr=reservoir pressure free-molecule flow.? The type of flow which one might 
r=radius encounter is dependent on the medium used, the magni- 
‘= time tude of the mean pressure in the tubing, and the radius 
t=nondimensional time of the tubing. For the case at hand, the magnitudes of 
u= velocity component in the direction of the x axis _ the mean pressure and the radii of the tubing are 
uo= velocity at the boundary in slip flow chosen to represent typical supersonic wind-tunnel 
x= spatial position in tubing pressure measurements. The resulting flow is then 
z= coordinate found to be almost exclusively in the realm of a con- 
A=constant tinuum flow. 
B= constant The derivation of the equation of motion is based on 
tin slip-flow parameter the assumption of a continuous medium, constant-area 
z ~~ shearing force a tubing, and a fully developed flow over the entire 
Huei Br shearing force in slip fow length of the tubing. The change of state of the flow 
be wr ll pec is assumed to be described by an isothermal process; 
inenenianmaatiaaiis and, by the introduction of the unsteady, compressible 
* This research was conducted at the University of Michigan in continuity equation, the quasi-steady » Viscous, COm- 
partial fulfillment of the requirements for the degree of Doctor of }—=——— 
Philosophy. Thanks are due Dr. A. M. Kuethe and Dr. L. L. 1 Brown, Dinards, Cheng, and Sherwood, J. Appl. Phys. 17, 
Rauch for their invaluable guidance and encouragement in all 802 (1946). ' 
phases of the work. *S. A. Scharf and R. R. Cyr, “Time constants for vacuum 
t Associate Professor of Aeronautical Engineering and Research gauge systems,” University of California Report No. H E— 
Associate, Georgia State Engineering Experiment Station. 150-42 (1948). 
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pressible equation of motion is developed. The boundary 
equations are developed assuming a finite reservoir, in 
which the changes of state take place isothermally, at 
one end of the tubing and an infinite reservoir (pressure 
constant) at the other end of the tubing. The initial 
distribution of pressure p(x) is assumed to be a step 
function with the pressure discontinuity located im- 
mediately before the infinite reservoir. Schematically 
the idealized model of a typical supersonic wind-tunnel 
pressure system is shown in Fig. 1. The resulting non- 
linear, partial differential equation of motion and 
boundary equation are solved by numerical step-by- 
step integrations for three different conditions in which 
the capillary tube diameter as well as the reservoir 
pressure are varied. 

Starting with the Hagen-Poiseuille law* for fully de- 
veloped flow (and assuming the flow is fully developed 
over the entire length of the tubing), the rate of mass 
flow can be written as 


mpa‘ Op 
Su ax’ 





m’ = — 


(1) 


where m’ is the rate of mass flow, p is the mass density, 
a is the radius of the tubing, u is the coefficient of vis- 
cosity, p is the pressure, and x is the spatial co- 
ordinate. 

The incompressible flow equation (1) is modified to 
include the effects of compressibility by means of the 
isothermal equation of state, 


p=kp, (2) 


where k= (RT) is a constant, R being the universal gas 
constant, and 7 the absolute temperature. Substituting 
Eq. (2) into Eq. (1) we obtain 


: T : Op (3) 
Mtua——~d ° 
Suk a 





P 4 CAPILLARY TUBING 




















/ “PRESSURE SENSING 
“INFINITE RESERVOIR = ELEMENT 


Fic. 1. Idealized model of pressure system. 


Assuming one-dimensional unsteady flow the con- 
tinuity equation may be written as 


7] Op 
—(pu)=——, (4) 
Ox ot 


3 A.M. Kuethe and J. D. Schetzer, Foundations of Aerodynamics 
(John Wiley and Sons, Inc., New York, 1950), p. 222. 
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where / is time. If we now take an incremental length 
(Ax) of tubing (Fig. 2) and substitute the rate of mass 
flow given by Eq. (3) into Eq. (4), we obtain in the 
limit as Ax—0 


Op @ af Op 
+0 21m o 
Ot Sudx\ Ox 


The boundary conditions are derived for the physical 
system shown in Fig. 3. Because of the large ratio of 
surface area to chamber volume in typical pressure 
capsules (in this case, approximately 320: 1), the change 
of state in the capsule reservoir is assumed to be 
isothermal. The boundary condition for the flow out of 
the capsule (x=0) is obtained by equating the rate of 
mass flow in the tubing [ Eq. (3) ] to the rate of change 


! 2 
' 











of mass in the capsule. This results in 





0 " rat Op 6 
psi = »—| ? ) 
ot z=0 8 Vu Ox z=0 


where V is the capsule volume (assumed constant since 
calculations indicate only a few percent change on 
account of diaphragm deflection). 

The boundary condition at x=/ simulates the condi- 
tion at a model orifice in a steady wind-tunnel flow, 
that is, constant pressure. Thus 


| = constant. (7) 
rl 


The initial condition in the pressure is taken as 4 
step function and is given by 


p(0, x)=A, 
p(0, 1)=B, 


(8) 


where A and B are constants. 

Equation (5) represents the differential equation 
of motion for the one-dimensional, quasi-steady, de- 
veloped, viscous, compressible flow in capillary tubing. 
The equation characterizes a nonlinear diffusion process 
and has the same form as the heat equation with the 
thermal conductivity being proportional to the tem- 


4S. Timoshenko, Theory of Plates and Shells (McGraw-Hill 
Book Company, Inc., New York, 1940), p. 60. 
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perature. Solutions®:* of Eq. (5) have been presented 
for initial conditions and boundary conditions not 
applicable in ‘the present case. 


Nondimensionalized Equations of Motion and 
Boundary Equations 


The equation of motion and boundary equations are 
nondimensionalized in order to study the important 
nondimensional parameters which govern the flow. On 
the basis of previous experimental information, the 
characteristic pressure, length, and time are taken as 
the reservoir pressure pr, length of capillary tubing /, 
and response time of the system 7, respectively. The 
resulting nondimensional equations are 

Equation of motion: 

OP 1/a? prr OP\? oP 
TCS) 
ot 8\P up ox 0X? 

Boundary conditions: 


at X=0 
oP “(= = \(—)P— 
a s\r »p/\v/J ax’ 


P=1, (11) 


where P, X, ¢ are the nondimensional pressure, spatial 
coordinate, and time, respectively. From Eqs. (9) and 
(10) it is seen that two nondimensional parameters 
appear. The parameter [(a?//?)(prr/u)] is termed a 
dynamic similarity parameter and is found in both 
equations, whereas the geometric similarity parameter 
(la?/V) is found only in Eq. (10). 


Analytical Solutions 


Attempts to solve the differential equation of motion 
and boundary equations failed and resort was made to a 
numerical solution in the form of step-by-step integra- 
tions. The equations are approximated by finite differ- 
ences. Initially the derivatives were approximated by 
straight line sequents but, after several steps were com- 
puted using this method, it was found that the term 


involving 

OP\? &P 

Si 

ax 0x? 
contains two terms of almost equal magnitude but of 
opposite sign. This results in the subtraction of two 
large numbers whose difference is relatively much 
‘smaller in magnitude. In order to minimize the errors, 
the curve of P vs X was approximated by parabolas.’* 
The resulting equations in difference form are given as 


as ane S. Iberall, J. Research Natl. Bur. Standards 45, RP 2115 


(10) 
at X=1: 


* J. M. Kendall, “Time lags due to compressible-Poiseuille flow 
resistance in pressure-measuring systems,” NOLM 10677 (1950). 

7F. A. Willers, Practical Analysis (Dover Publications, New 
York, 1948), p. 310. 

8 J. B. Scarborough, Numerical Mathematical Analysis (Johns 
Hopkins University Press, Baltimore, Maryland, 1950), p. 132. 
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Fic. 3. Schematic diagram of a typical pressure system. 


Equation of motion: 


1 a Pr 
Pasi Past-(—*) 
8\P uw 


2Pitot+ Pigi— Pi1— 2Pi-2 . 
x{|( ) 
10 j 


Pi; 
7 (2Pi42— Piz1—2P; 





4 





(12) 


At 
— P;_1+2P;-2) iL 
AX? 
Boundary equations: 


at X=0 


nr (a pr fal 
Panam Past=(— =) (—) 
8\P pu V 


At 
X Po, (Por1— Po) {—, (13) 
AX 


at X=1: 


P,, ;=constant=1, (14) 


66599 


where the subscripts “i” and “‘j”’ denote spatial stations 
and time stations, respectively. 

Three numerical solutions were calculated for the 
idealized system shown in Fig. 1. The idealized system 
is used because the discontinuities in the tubing area 
(Fig. 3) at the junctures of the orifice and connecting 
tubing with the capillary tubing cannot be handled 
readily in the step-by-step integrations. As a result 
three cases of the idealized system were computed 
numerically and compared with experiment in order to 
determine whether the derived equation of motion and 
boundary equations approximated the actual flow 
process in the tubing. The orifice and connecting tube 
can be considered as end effects; that is, the orifice 
could be replaced by an additional length of capillary 
tubing and the connecting tube by an additional volume 
in the pressure sensing unit. These effects are handled 
conveniently by experiment rather than as additional 
complications in the theoretical equations. The initial 
steps in the numerical integration were made with very 
small time increments (0.000001 sec) in order that the 


t The derivative aP/aX, at X=0, was computed by two 
methods. A plot of P vs X was made and dP/dX at X=0 
measured graphically. Also a plot of P/8X vs X was made and 
faired into X=0. Both methods proved successful; thus, one 
method served as a check on the other. 
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Fic. 4. Block diagram of experimental apparatus. 


step function in the pressure (initial condition) could 
be approximated by derivatives resulting in negligible 
errors. 


DESCRIPTION OF APPARATUS 


The test apparatus was designed to simulate typical 
supersonic wind-tunnel pressure instrumentation sys- 
tems. A block diagram of the complete system is shown 
in Fig. 4. 

The pressure capsule, developed at the supersonic 
wind tunnel at the University of Michigan, is shown in 
Fig. 5. This instrument, having a negligible time lag, 
was ideally suited for this work. The capsule is machined 
from 24 ST bar stock and has a diaphragm approxi- 
mately 0.025 inch thick and 3 inches in diameter. 
Calibrations of the capsule showed that the deflection 
of the diaphragm at its center is linear with load 
(pressure). The motion of the diaphragm is transduced 
by a differential transformer whose linear range was 
more than adequate for the range of diaphragm de- 
flections encountered in these tests. Model or probe 
tubing used in typical supersonic tunnel tests was 
simulated by stainless-steel hypodermic needle tubing. 
The connecting tubing, that is, the tubing ordinarily 
used to join the model tubing and a differential mercury 
manometer, was simulated by copper tubing since 
rubber and plastic tubing were found to be too porous 
at low absolute pressures. Figures 6 and 7 show the 
simulated orifice assemblies. The pressure reservoir, 
analogous to the test section (constant pressure) in a 
supersonic tunnel, consisted of two tanks manifolded 
together with a combined capacity of 22} cubic feet. 
-With this capacity runs could be made at reservoir 
pressures of 5-mm Hg absolute with less than } percent 
change in reservoir pressure under the most extreme 
conditions in these experiments. The reservoir pressures 
were maintained by means of a vacuum pump and a 
Wallace and Terrian dial-type pressure gauge. 

The electronic recording equipment shown in Fig. 4 
consists of a Miller amplifier and power supply, linear 
differential transformer in the pressure capsule, a cap- 
sule compensating circuit, two Brush dc amplifiers, and 
a Brush recorder. The power supply provides the oper- 
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ating potentials for the tubes in the Miller amplifier and 
also provides a 2-kc carrier voltage for excitation of the 
bridge circuit formed by the Miller amplifier and the 
capsule compensating circuit. The compensating circuit 
serves three basic purposes: 

(1) Resistance R, and condenser C, provide the 
proper phase balance between the differential trans- 
former and the carrier voltage originating in the power 
supply. 

(2) Resistance R2 serves as a current-limiting re- 
sistor in order to protect the transformer from excess 
current. 

(3) Resistances R; and R, provide two external 
bridge arms which combine with the two arms built 
into the Miller amplifier to form a bridge circuit. 

The function of the Miller amplifier is threefold: 
(a) the ac signal from the pressure capsule is first ac 
amplified; (b) the amplified ac signal is then rectified 
and then the detector, being phase sensitive, gives the 
signal a sign (+ or —), depending on the motion of the 
diaphragm being positive or negative; (c) the dc output 
signal is then de amplified. The output signal from the 
Miller amplifier, being +} volt, is then amplified by two 


g. - 
Bee 


Fic. 5. Exploded view of pressure capsule. 

















de amplifiers since +15 volts is required to drive the 
Brush recorder pen full scale from the center of the 
paper. In addition the two Brush amplifiers are neces- 
sary for additional sensitivity. 


‘EXPERIMENTAL PROCEDURE 
Tests Conducted for Correlation with Theory 


In order to compare the three numerical solutions 
with experiment, three tests were made using the 
idealized system shown in Fig. 1. Since the Brush re- 
corder paper is only 40 mm wide, the desired sensitivity 
over the entire absolute pressure range (e.g. atmospheric 
to 20-mm Hg) could not be maintained. In order to 
circumvent this difficulty the following procedure was 
used : For the initial run the gain of the Brush amplifiers 
was set so that the pressure change (atmospheric to 
20-mm Hg) was traced out on approximately the full 
width of the paper (curve a, Fig. 8). Atmospheric 
pressure was then reintroduced into the lines and 
capsule, and the gain increased so that a pressure of 
100-mm Hg absolute in the capsule would correspond 
to the top line on the recorder paper. This resulted in 
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the pen being off scale against the mechanical stops 
until the capsule pressure approached 100 mm, after 
which the pen traced out the remainder of the run until 
the equilibrium pressure of 20-mm Hg was reached 
(curve 6, Fig. 8). The same procedure was repeated for 
succeeding runs, using full-scale deflection for top line 
pressures of 50- and 21-mm Hg absolute (curves ¢ and d, 
Fig. 8). A continuous curve of capsule pressure vs time 
was obtained by plotting the data from the four 
individual runs. 


Tests Conducted to Show Effects of Important 
Parameters 


In typical pressure instrumentation in supersonic 
wind-tunnel testing (Fig. 3), certain parameters are 
considered as being of prime importance in determining 
the response time characteristics of the system. These 
parameters are listed as: 


(a) orifice diameter do; 
(b) inside diameter of model tubing d; 
(c) length of model tubing /; 

















Fic. 6. Orifice assemblies. 


(d) inside diameter of connecting tubing d,; 

(e) length of connecting tubing /.; 

(f) local pressure at model orifice (reservoir pres- 
sure) pr; 

(g) initial pressure in capsule reservoir and instru- 
ment lines at time=0 peo; and 

(h) volume of pressure-sensing element V. 


Since the time lag in any system will depend on the 
capacity of the pressure-sensing element, it is obvious 
that the volume of this unit should be designed with a 
minimum capacity. For this reason the pressure capsule 
used in these tests was designed with a volume which 
is small compared to the combined volumes of the 
capillary and connecting tube. The parameter (/) was 
not varied but was held constant at its value of 0.106 
cubic inch. The parameters (a)—(g) were chosen each 
with a specific range corresponding to the values used 
in present-day intermittent tunnels. 


(a) Orifice Diameter dy 


No criteria seem to be available in the literature as 
to the optimum size of an orifice in supersonic flow 
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Fic. 7. Details of orifice assembly. 


research. Too large an orifice can cause disturbances to 
the flow in the neighborhood of the body, whereas too 
small an orifice can result in a large response time due 
to restriction of the mass flow in or out of the lines. The 
orifice length is usually quite small. A representative 
value of 0.05 inch was used. Five orifice diameters 
(0.045, 0.035, 0.025, 0.020, and 0.015 inch) were 
selected. 


(6) Model Tubing Diameter d 


In most supersonic tunnels the model sizes are re- 
stricted by relatively small test sections. The model 
support through which the tubing is carried must also 
be as small as possible to minimize interference effects. 
The size of the model tubing (especially for the case 
where a large number of pressure orifices are required) is 
therefore limited. Five inside diameters were chosen; 
namely, 0.063, 0.054, 0.042, 0.031, and’ 0.025 inch. The 
tests conducted to show model tube diameter effect 
were made with length as a parameter. 


(c) Model Tubing Length I 


The model tubing lengths (2, 4, 6, 8, and 10 feet) 
were selected to cover the range for installations in 
operation at the present time and also in anticipation 
of the requirements of much larger supersonic tunnels 
which inevitably will be built. The tests to show length 
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Fic. 8. Recorder traces used to obtain desired sensitivity over 
complete range of capsule pressures. 























Fic. 9. Orientation of capsule, pressure line, and orifice test setup. 


effect were run using each of the five values of d for 
each tube length and the remaining parameters held 
constant as described in the tests for the evaluation of 
the model tube diameter effect. 


(d) Connecting Tube Diameter d, and Length 1, 


_ In most installations the pressure-sensing unit must 
of necessity be located external to the tunnel. For this 
reason a length of connecting tubing is required. In 
order to investigate the parameters d, and /,, three 
values of d.= (0.067, 0.083, and 0.125 inch) and 
1.= (0, 60, and 120 inches) were tested. 


(e) Reservoir Pressure pr 


Reservoir pressures, corresponding to the static pres- 
sures measured on a model, were chosen with the 
following values 50-, 30-, 20-, 15-, 10-, and 5-mm Hg ab- 
solute. For blowdown tunnels using atmospheric pressure 
as a stagnation condition, these pressures correspond to 
test-section Mach numbers ranging for 2.42 to 4 for 
isentropic flow. Each of the five model tube diameters 
were tested with each reservoir pressure. The other 
parameters (dy)=0.025-, 1=24-, 1.=60-, d,=0.067-, and 
peo=740-mm Hg) were held constant throughout this 
series of experiments. 


(f) Initial Line and Capsule Reservoir Pressure peo 


The effect of changing the initial capsule reservoir 
and line pressure will be to reduce the mass of air which 


(p, = 1.05p,) 





Fic. 10. Typical brush recorder trace showing p, vs time 
(1.05prS pe= pr). 
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must be evacuated before the system reaches equi- 
librium. In the previous tests the pressure in the capsule 
reservoir and lead lines was set at atmospheric pressure 
merely for convenience in running the experiments. 
The experimental setup for the condition wherein 
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no connecting tube is used is shown in Fig. 9. The 
pinchcock at the left is used to introduce any desired 
pressure into the capsule reservoir and lines. The upper 
pinchcock at the right simulates a quick-opening valve 
for exhausting the air from the capsule to the reservoir; 
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while the lower pinchcock serves as a means to adjust 
the reservoir pressure in the 22}-cubic foot tank. 


REDUCTION OF DATA 


As shown in Fig. 10 the capsule pressure approaches 
the equilibrium (reservoir) pressure asymptotically. The 
response time is defined as the time required for the 
capsule pressure to reach within one percent of the 
reservoir pressure. In order to obtain sufficient sensi- 
tivity the top line of the Brush recorder paper corre- 
sponds to a capsule pressure of p.= 1.05pr. The starting 
point is designated by A, the point where p,=1.01pr 
by C, and the equilibrium value (p= pr) by D.,The 
response time (7) is then the distance between A and C, 
measured as shown in Fig. 10, divided by the paper 
speed (mm/sec). 
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Fic. 14. Spatial pressure distribution. 


RESULTS 


The variation of capsule pressure as a function of 
time for the three cases computed numerically is shown 
in Figs. 11 through 13 as solid lines, while the experi- 
mental results are indicated on the same plots by circled 
points. The step-by-step integrations were carried to 
the point where ~.=1.025pr; hence, the broken line 
from ~.=1.025pr to p-=1.01pr. The agreement be- 
tween theory and experiment is quite satisfactory, indi- 
cating that the approximations in the derived flow 
equations and boundary conditions are justified. Spatial 
pressure distributions in the tubing obtained in the 
Step-by-step integration procedure are presented in 
Figs. 14 through 16 in which only a few of the actually 
computed steps are shown. The curves give a qualita- 
tive description of the manner in which the spatial 
pressure distribution changes from that of a step func- 
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Fic. 15. Spatial pressure distribution. 


tion at zero time to essentially the condition of equi- 
librium. 

The effect of each parameter on the response time, r, 
is presented as a series of graphs in Figs. 17 through 23. 


(a) Orifice Effect 


The orifice effect is shown in Fig. 17 by a plot of 
response time vs orifice diameter, do, with tube diam- 
eter, d, as a parameter. The results indicate that the 
orifice size does not appreciably effect the response time 
until the ratio of tube diameter to orifice diameter 
approaches 2.5. As this value is exceeded the response 
time as compared with the response time for no orifice 
starts to increase rapidly as is evidenced by the curve 
for d2=0.063 in. The effect of decreased orifice size is 
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analyzed as a restriction of the flow of air through the 
system and thus as an increase in the response time. 


(b) Diameter Effect 


The effect of changing the model tube diameter is 
shown by a plot of response time vs tube diameter with 
length as a parameter in Fig. 18. From the graph it is 
seen that the diameter of the tubing is very critical if 
the response time is to be minimized. A change in 
diameter has essentially two effects: (1) the capacity 
of the system is altered, and (2) the rate of mass flow 
through the system is changed. The effect of changing 
the capacity of a typical system as a result of change in 
the tube diameter is almost negligible (as will be shown 
later). Hence, the increase in response time for decreased 
tube diameters is attributed primarily to the restric- 
tion of the mass flow through the system. 


(c) Length Effect 


The length effect is derived from a crossplot of Fig. 18 
and is shown in Fig. 19. Since the slopes of the curve 
increase with decreased diameter, the effect of length 
is seen to be more pronounced for the smaller diameters. 


(d) Connecting-Tube Diameter and Length Effects 


The results of varying the dimensions of the con- 
necting tube are shown in Fig. 20. The connecting-tube 
effect is twofold; (1) the connecting tubing contributes 
the major portion of the capacity of the system, and 
(2) it offers resistance to the flow through the system. 
Referring to Fig. 20 for the case of d=0.063 in., one 
notes that the curve for d,=0.067 has a larger response 
time than the curve for d,=0.083 for the two lengths 
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Fic. 17. Orifice effect, do. 
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Fic. 18. Diameter effect, d. 


1.=60 and 120 in. This is explained by the fact that 
the d,=0.067 tube has almost the same diameter as the 
model tube (0.063 in.). Thus, in this case the connecting 
tube not only increases the capacity of the system, but 
also gives rise to large viscous forces, thus restricting 
the flow in the same manner as the capillary tubing. 
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The other connecting-tube diameters (d,=0.083 and 
0.125 in.), being considerably larger than the model 
tubing, influence the response time primarily by the 
resultant increased capacity of the system. For the 
other extreme in model-tube diameter (0.025 in.), the 
effect of increasing the diameter, d,, is an increased ca- 
pacity and an expected increase in response time. 








_ that 
is the 
-cting 
1, but 
icting 
bing. 


33 and 
model 
by the 
‘or the 
1.), the 
sed ca- 








PB, =740 mm Hg 
° 
do= 0.025 INS. 
200 Q=24INS. - 
i100 »,* 20 mm Hg 
3 60 : = 
w 40 
2 | 
; 20 a me 
| | d. (INS) 

* 10 RB. sre 
= g 0.067 
= 70125 
w 2 
” 
& 
ty 0.4 
Lt 

0.2 

0.1 





002 0.03 0.04 005 0.06 0.07 
CAPILLARY TUBE DIAMETER, d-(INS) 
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(e) Reservoir Pressure Effect 
The effect of changing the reservoir pressure is pre- 
sented in Fig. 21. The curves indicate that the absolute 


value of the pressure has a large effect on the response 
time. If we examine the equation of motion 


ap/at= K[(dp/dx)*+-p(°p/dx*)] 
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Fic. 21. Reservoir pressure effect, pr. 


and boundary equation at x=0 
9p/ dt }0= Kip(8p/dx) Jono, 


we find that the nonlinearities in the equations indicate 
that, if the pressure is halved everywhere, the response 
time is increased by a factor of 2. Referring to Fig. 21, 
we find that, if we start with an initial line and capsule 
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pressure of 740-mm Hg and a reservoir pressure of 
20-mm Hg and then reduce the reservoir pressure to 
10-mm Hg, the response time is approximately doubled. 
It will be shown later that halving the instrument line 
and capsule reservoir pressure has almost negligible 
effect on the response time. As a result, it is evident that 
the particular nonlinear character of the differential 
equation of motion is substantiated by experiment. 
We may also see from the equation of motion that the 
term (0p/0x)* is always positive and for flow out of the 
lines the term [p(0?p/0x") ] will be negative. Thus, for 
a given spatial distribution of pressure, p(x), at any 
instant the amount the pressure decreases at each 
spatial station for a given time increment will depend 
on the absolute value of the pressure. 


(f) Initial Line and Capsule Pressure Effect 


The effect of evacuating the line and capsule reservoir 
pressures to a value approaching the constant reservoir 
pressure is shown in Figs. 22 and 23 for reservoir pres- 
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sures of 20- and 10-mm Hg absolute, respectively. As is 
shown in the graphs, the advantages of pumping down 
are quite small unless the capsule and line pressures 
approach the reservoir pressure within 1-mm Hg or less. 
For the case of a pressure model where 20-30 leads 
might be used the amount of time gained during any 
run would be considerably less than the time required 
to evacuate each line to the predicted pressure at each 
orifice. 


Experimental Errors 


The reservoir pressures in the range 5< pr<20 (mm 
Hg) were set within +0.1-mm Hg. For the range 
20< pr<100 (mm Hg) the error in gauge reading was 
+0.20-mm Hg. 

The lag of the Brush recorder pen under a step- 
function change in voltage was measured to be 0.01 sec 
for full-scale pen defection. Since the capsule pressure 
changes in an exponential manner, the pen lag will be 
considerably smaller, and is estimated to be of the order 
of 0.003 sec for the most rapid pressure changes en- 
countered in the experiments. The time required to 
open the quick-opening valve (pinchcock) could not be 
determined readily. However, the results of check runs 
indicate that this time lag was so small that it could not 
be detected. In any event, for each value of 7 for a 
particular experimental setup at least two check runs 
were made and + computed from an arithmetical 
average of at least three readings. 


CONCLUSIONS 
Limitations of Theoretical Analysis 


On the basis of the satisfactory agreement between 
theory and experiment, we may conclude that the 
initial assumptions of quasi-steady developed laminar 
flow with isothermal changes of state closely approxi- 
mate the flow conditions in the tubing. However, 
several limitations must be imposed on the theoretical 
development, since the theory is applicable over only 
a specified range of the parameters chosen for investi- 
gation. 

‘ (a) Over the chosen range of tubing diameter, the 
condition of isothermal change of state is applicable; 
however, as the tubing diameter is increased the thermo- 
dynamic process involved becomes polytropic and 
finally approaches the condition of an isentropic process. 
No attempt has been made to analyze the transition 
states between the isothermal and isentropic processes, 
since most supersonic pressure systems fall well within 
the range of diameters investigated. 

(b) The assumption of continuum flow is applicable 
until the reservoir pressure (or model-surface pressure) 
drops below 20-mm Hg absolute (see Appendix). For 
lower absolute pressures, the equation of motion for the 
flow must be modified to account for the violation of 
the no-slip condition at the boundaries of the tubing. 
The slip condition is incorporated into the equation of 
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motion by the introduction of an experimentally derived 
effective coefficient of viscosity and is defined by the 
ratio of the normally computed coefficient of viscosity 
to a slip-flow correction factor. Free-molecule flow con- 
ditions are probably never approached in supersonic 
flow research (see Appendix). 

(c) The assumption of fully developed laminar flow 
is violated for two reasons. First, flow in tubing becomes 
fully developed at a position many diameters down- 
stream from the entrance of the tube; and second, for 
the large pressure drop over the initial part of the 
experiments the flow may be turbulent. 

Further limitations on the theory are the end effect 
where the air exits from the tubing into the reservoir 
and the expansion effects where the tubing is coupled 
to the pressure reservoir and the capsule. 

Since the effects previously described cannot be 
handled conveniently in the theoretical development, 
discrepancies between the theory and the experimental 
data will exist. 


Limitations of Experiments 


(a) The experimental setup was designed to repro- 
duce actual pressure systems with the exception of 90° 
bends inside the pressure models, which are necessary 
in order to take the model leads through the sting or 
support. These bends are usually fairly gradual (large 
radii of curvature) and the effects are considered to be 
negligible. 

(b) In the experimental procedure the pressure drop 
across the tubing was chosen so that air flowed out of 
the capsule reservoir at all times. Thus, no information 
is available on the response time for air flowing in the 
opposite direction. The technique is justified on the 
basis of the differential equation of motion, wherein 
the nonlinearity predicts that the response time is a 
function of the absolute pressure of the system. Thus, 
for a given reservoir pressure we see that line pressures 
greater than the equilibrium pressure are more advan- 
tageous on a response time basis than line pressures 
below the equilibrium value. However, for small values 
of the equilibrium pressures (below 20-mm Hg absolute) 
some advantage is to be gained by initial line pressures 
less than 20-mm Hg absolute because of the condition 
of slip flow at the boundaries. 

(c) The experimental results apply only for pressure- 
sensing elements having an infinitesimal mechanical 
response time. For systems employing manometers, the 
dynamic and viscous effects of the fluid columns will in 
some cases increase the response time considerably. 


Criteria for Minimum Response Time 


The following criteria in the choice of suitable param- 
eters are presented for the design of pressure instru- 
mentation with minimum response times: 

(a) The orifice diameter should not be less than one- 
half the model-tubing diameter, with slight advantage 
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PRESSURE RESPONSE 


to be gained as the orifice diameter approaches the 
tubing diameter. 

(b) The model tubing should be made as short as 
possible, incorporating the largest inside diameter that 
is feasible. 

(c) Connecting tubing should be short, with the in- 
side diameter lying between 1} to 1} times the inside 
diameter of the model tubing. 

(d) The capacity of the sensing-unit reservoir should 
be minimized. 

(e) The advantage of pumping the initial reservoir 
and line pressure to a value close to the model-surface 
pressure is quite small unless the initial pressure 
approaches the equilibrium pressure to within 1-mm Hg. 


APPENDIX 
Criteria for Slip Flow and Free-Molecule Flow 
Slip Flow 


The equation of motion for steady, isothermal, de- 
veloped flow is derived from Eq. (5) by setting dp/d:=0 
and is given by 


(ap/ax)*-+p(0p/ ax) =0, (15) 
the boundary conditions being 
p=po at x=0 
p=pi at x=l. (16) 


The rate of mass flow, m’,® is then given by 
m’ = (ra*/16pkl) (po?— px’), (17) 


where k is the proportionality constant in the isothermal 
equation of state. The derivation of Eq. (17) is based 
on the assumption that the coefficient of viscosity, u, 
isa constant, i.e., proportional to the temperature which 
is constant in an isothermal change of state, and that 
the condition of no slip at the walls of the tube is valid. 
The assumption of a constant coefficient of viscosity at 
moderate and high pressures is predicted by kinetic 
theory. However, the failure of Eq. (17) at low pres- 
sures is explained by the failure of the no-slip condition 
at the walls rather than on the basis of a variable 
viscosity. 

Under the conditions of small pressures, the condition 
of no slip at the wall is violated,'*-” since the coefficient 
of viscosity now becomes a function of the pressure. 
The derivation of Poiseuille’s law is modified in that 
the velocity at the wall is taken as um instead of 0 when 
the mean free path of the molecules is comparable with 
the tube radius. The resulting tangential force, Fr, on 
the wall, which for the condition of no slip is written as 


Fr=y(du/dy) |, 0, (18) 


®°E. H. Kennard, Kinetic Theory of Gases (McGraw-Hill Book 
Company, Inc., New York, 1938), p. 292. 

1S. Dushman, Scientific Foundations of Vacuum Technique 
(John Wiley and Sons, Inc., New York, 1949), p. 84. 


IN SUPERSONIC WIND TUNNEL 
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is now modified and assumed proportional to % and to 
the surface area A, 
Fy’ =ewA, (19) 


where the constant ¢ is termed the coefficient of external 
friction. Balancing the viscous and pressure forces over 
an incremental length of tubing dl, we have 


—na*dp=F 7’ = 2raenodl, (20) 


uo= — (a/2¢) (dp/dl). (21) 


In order to determine the average velocity for the 
condition of slip flow at the walls, we start with an 
analogous expression for u given by 


Uo= S(du/dz) |,.0.= = S(du/dr) |,-0, (22) 


where § is a constant called the coefficient of slip and 
is defined by the relation $S=y/e. The Poiseuille equa- 
tion® for the velocity in a continuum flow, given by 


u= (r?/4u) (dp/dx)+c logr+ci, (23) 


is now employed with modified boundary conditions 
given by 


which gives 


uUu=U at r=a, 
du/dr=0 at r=0. (24) 


Substituting these boundary conditions into Eq. (23) 
and employing relationship [Eq. (22) ], we have 


redp a@dp sadp 


4udx 4ydx dx 


.=— — 


or more simply 
u= (1/4y) (r?—a?— 28a) (dp/dx). (26) 


The mass flowing past any cross section of the tube 


per second is 
p a 
m’ = — f 2nrudr, 
kv 


or 
=(144) dp 
m' = —— — - 1p—. 27 
8 ku a/ dx (27) 


The integrated form of Eq. (27) is identical to that of 
Eq. (17), except for the additive constant (4S/a). 
Thus, we may write 





peal . ” 48 . 
’ — or — 2 8 
m oul p)(1+—) (28) 


Maxwell suggests that a fraction f of the gas molecules 
striking the walls of the tubing would be reflected 
diffusely ; that is, the molecules would suffer a complete 
loss of their initial average tangential velocity. The 
fraction 1—f of the gas molecules would be reflected 
specularly; that is, with no change in their tangential 
velocity. According to the predictions of kinetic theory,’ 
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Fic. 24. Slip-flow correction factor. 


the coefficient of slip can be written as 


$=[(2/f)—1 Dm, (29) 


where X,, is the mean free path of the molecules at the 
mean pressure in the tubing. Thus, we may write for 
Eq. (28) 


ra‘ 2 he 
m=" (pe pi)| 1+4(——1) | (30) 
16ul f a 


From kinetic theory and Maxwell’s distribution of 
molecular velocities the mean free path! is given by 


Am= (4 /2p1)*(u/ Pm), (31) 


where p; is the gas density at 0.001-mm Hg and f,, is 
the mean pressure of the flow. Substituting Eq. (31) 
into Eq. (30), we have 


mwa‘ m\'72 
—(por’— p? +4(“ ) (—-1)a], 32) 
n= (0-9 : 


where H represents the term [u/p»a@(p1)*]. Examination 
of Eq. (32) indicates that the slip-flow equation is 
essentially the Poiseuille equation (17) multiplied by a 
correction factor which assumes importance as the 
ratio, (Am/a), of the mean free path to the tube radius 
increases and also as f becomes small (smooth walls). 
Experimental data! for the determination of the factor 


(OG-)4 


which is denoted by F for flow in copper capillary 
tubing, is presented in Fig. 24. The tests were run using 
air as the flow medium, with tube radii of 0.0512 and 
0.0313 inch. The effect of slip is accounted for by 


DUCOFFE 


defining an effective viscosity which is given by the 
relation 


we=y/F. (33) 


The factor H can be simplified for ease in interpreting 
Fig. 24 by substitution of appropriate values; it re- 
duces to 


H=4.10/pna, (34) 


where p» is the mean pressure (fo+ 1)/2 in microns 
of mercury (1 micron=0.001-mm Hg) and a is the tube 
radius in cm. In the theoretical calculations for the 
0.025-inch inside-diameter tubing and a reservoir pres- 
sure of 20-mm Hg, H is found to be 


4.10 
H= = 0.00647. 
20 000X 0.0125 X 2.54 





Referring to Fig. 24, the factor F is found to be approxi- 
mately 1, so that no correction for slip is necessary. 
However, for a reservoir pressure of 5-mm Hg, the value 
of H would be increased to 0.0259 and from Fig. 24 the 
value of F is seen to be 1.22, so that slip-flow correc- 
tions are necessary. 

On the basis of the above calculations it can be seen 
that slip-flow corrections are not necessary for the 
numerical solutions, since the smallest reservoir pres- 
sure investigated was 20-mm Hg. However, in those 
experiments where the reservoir pressure was set at 5-, 
10-, and 15-mm Hg, slip flow probably occurs in the 
smaller-diameter capillary tubes. 


Free-Molecule Flow 


At very low pressures the internal friction of the 
fluid becomes very small because the mean free path 
of the molecules becomes large compared to the radius 
of the tubing. Under these conditions the collisions 
between molecules are very infrequent and may be 
neglected. This assumption’ is valid if the mean pressure 
in microns (10-* mm Hg absolute) is less than the 
reciprocal of the tubing diameter in inches, 


pPm<i/2a. (35) 


For the case of supersonic wind-tunnel testing, where 
the mean pressure might be as low as 5000 microns and 
the tubing inside diameter may be as small as 0.020 
inch, it can readily be seen that free-molecule flow is 
not approached. That is, 


Pm(=5000)>>1/2a(=50). 
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Transient Response of the Grounded Base Transistor Amplifier with Small Load 
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An analysis of the transient response of transistor amplifiers necessitates the consideration of transit time 
effects. Transit time behavior of minority carriers is described by the diffusion equation. Since the diffusion 
equation applies to minority carriers in the base region of a transistor, a current transfer function may be 
derived from the diffusion equation relating the collector current to the emitter current. This transfer 
function is valid only when the transistor is operated as a linear amplifier with small load impedance. For 
these conditions, the transfer function is solved for the collector current response to a step in emitter current 
by use of Laplace transform techniques. The collector current rise time, as a function of the a cut-off fre- 
quency, is derived from the theoretical equations and compared to measured values. 





I. INTRODUCTION 


RANSISTORS may be represented at low fre- 

quencies by an equivalent T network containing 

three resistances and a current generator.' The elements 

of this equivalent circuit can be derived from the physics 

of the transistor,” or can be calculated from experimental 
measurements. 

Because of transit time effects, the elements of the 
equivalent circuit are complex at higher frequencies. 
These transit time effects will influence the high-fre- 
quency behavior of practical circuits, and, in particular, 
they will influence the response of a transistor amplifier 
to a suddently applied input signal. 

In this paper, the response of the collector current to 
a step in emitter current will be calculated for the 
grounded base stage with small load resistance. Such a 
calculation is useful because: 

(a) these conditions are often encountered in practical 
circuits, and 

(b) even if the external circuitry affects the transient 
response, this calculation will give the fastest response 
which may be expected. 


II. SOLUTION OF THE DIFFUSION EQUATION 


In the base region of a junction transistor (ee Fig. 1) 
current will flow due to a minority carrier concentra- 
tion gradient. (The minority carriers are holes in p-n-p 
transistors or electrons in n-p-n transistors.) If the den- 
sity of these carriers is m, then the current density at 
any given point is* 


i= — gD» gradm, (1) 


where D,, is the diffusion constant and q is the electronic 
charge. Either the emitter or the collector current may 
be found by integrating the current density over the 
emitter or collector junction, respectively. 

The carrier density may be determined from the 


1R. L. Wallace and W. T. Pietenpol, Proc. Inst. Radio Engrs. 
39, 753 (1951). 

2T. M. Early, Proc. Inst. Radio Engrs. 40, 1401 (1952). 

* William Shockley, Electrons and Holes in Semiconductors 
(D. Van Nostrand Company, Inc., New York, 1950), pp. 309-314. 


diffusion equation : 
dm/dt= (m_e—m)/tm+ DnVm, (2) 
where m, is the thermal equilibrium value of m and rT», 
is the lifetime of the carriers. Equation (2) may be 
obtained from Eq. (1) and the continuity-of-flow 
equation. 
For practical junction transistors, the thickness of 
the base region is so small that it can be assumed that 
the flow of carriers through the base is one-dimensional. 


The diffusion equation may then be written for only 
one dimension, 


Om/dt= (m.e—m)/tm+ Dn(d?m/dx*). (3) 


A steady-state solution of this equation may be 
found by assuming an emitter current composed of a 
dc bias plus a periodic signal. ‘It can then be assumed 
that the steady-state solution of the diffusion equation 
will consist of two parts: a time independent solution 
f(x) and a time dependent solution of the form g(x) e*, 


m(x, t)= f(x)+g(x)e**. (4) 


The boundary conditions for this solution are (a) the 
carrier density at the collector is zero, m(W, 1)=0, 
and (b) the current density at the emitter is given by 


GD mOm/Ax| r= teo+ie- e**. (5) 


If we substitute the assumed steady-state solution, 
given by Eq. (4), in the one-dimensional diffusion 
equation, Eq. (3), the result is in the following two 
differential equations: 


- m.— fe), oS (x) 











(6) 
Tm ax’ 
g(x) d°g (x) 
jo= —-—+ Dn ‘ (7) 
Tm 0x? 
EMITTER | BASE | COLLECTOR 
REGION |REGION| REGION 
Fic. 1. Junction transitor. ” 
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Solution of Eq. (6) will result in the carrier density 
distribution, as a function of x, which is due to the dc 
component of current density. Solution of Eq. (7) for 
g(x) results in the carrier distribution which is due to 
the time varying, or signal, component of the current 
density. From Eq. (1), the current density at the 
emitter is 


i.= —Dng(dg/dx) | ono, (8) 
and the current density at the collector is 
i-= —Dnq(0g/0x)| mw. (9) 


The ratio i,/i, for constant W is, by definition, the 
current amplification factor a. a may be calculated from 
Eqs. (7)-(9) and for the boundary conditions specified 
earlier. From the solution of these equations, a has 
been shown to be‘ 


W 





a= sech (i+ jorm)', (10) 


mT™m 


where W is the width of the base region. The quantity 
(Dntm)* is the carrier diffusion length L,,. It is apparent 
that for low frequencies the current amplification is 
given by 

ag=sechW/Lm, (11) 
where 

La= (Datn)?. (12) 


Ill. THE TRANSIENT SOLUTION 


Equation (10) may be written as 


W 
i.(s)=%, ae Ot Tms)? (13) 


in terms of the Laplace operator s. If i, isa step function 
in time, then the collector current response will be 


1 W 
i.(t)= o-- sech—(1+-7,,5) J} (14) 
$ L 


The transform given by Eq. (14) may not be found 
directly in the tables and must, therefore, be computed. 
For example, the hyberbolic secant may be expanded 
as a sum of exponentials. Denoting the argument of 
the hyperbolic function by A, the expansion is 


sechd = 1/coshA= 2/(e+e*)=2 F (—1) "tHe @n-, 
n=] 


Equation 14 may thus be written as 


§ n=l 


1 o 
is()= 28-4 =F (—1)" 


W 
xexp| - (2n— oS 0+ ras) . (15) 


* Shockley, Sparks, and Teal, Phys. Rev. 83, 151 (1951). 
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If we use tables of the Laplace transforms,‘ the collector 


current response to a unit step function in emitter 
current is found to be 


ee ~(2n—1)W 
Q=2 oe 


(2n—1)W t 3 (2n—1)W 
ef 2) ff 
2 (Dnt)? Tm (DinTm) y 
(2n—1)W sty? 
+(—) |e 1)"*}. (16) 


2(Dnt)} 
The complementary error function used in this equation, 
erfcy, is defined as 


Xer td 


erfey= f e~*"dx=1—erfy. 


y 


The error integral erfy is tabulated in several tables 
of mathematical functions.® 

Equation (16) converges rapidly for values of 
[(2n—1)W]/[2(Dmtm)!] greater than unity. This fact 
can be utilized by approximating the exact solution, 
given by Eq. (16), with two functions; one of these 
functions must approximate the exact solution for 
small times (0) and the other must be valid for 
large times (>). Both of these approximations can 
be derived from the original transform given by Eq. 
(14). For example, if Eq. (14) is expanded into a series of 
exponential terms, as given by Eq. (15), then for 
s—, i,(t) is 


1 —W 
imac - exp| r (ras) . (17) 





A solution of the diffusion equation, approximate for 
small times and valid for the condition that W/L» is 
small, is thus. obtained. This solution can be shown to 


be5 
W /tm\?* 
is()~2| 1-ert—(“) | (18) 
2Lm\ t 


If the hyperbolic function of Eq. (14) is expanded as 
a power series, i.e., 


1 
cosh(W/Lm)(1+7ms)! 
1 
= , (19) 
. (W)? (i+ TmS) (Ww) (1+7ms)? 


(Ln)? 2! (Lm)t 4! 


sech(1+7,5)!W/Lm= 











5 McLachlan, Humbert, and Poli, Supplement au Formulaire le 
calcul Symbolique Fascicule CXIII Memorial des Sciences Mathe- 
matiques (Gauthier-Villars, Paris, 1950). 

6 FE. Jahnke and F. Emde, Tables of Functions (Dover Publica- 
tions, New York, 1945). 
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TRANSISTOR AMPLIFIER WITH SMALL LOAD IMPEDANCE 


the approximate collector current response to an 
emitter current step, for large times (s—0), will be 
given by the inverse transformation. In the following 
equation only the first two terms ‘of Eq. 19 will be 








. considered : 
W?/2L m2) Tm [3 
i.(t)= £2 Lw*/ mnt . (20) 
|—"+ am fos 
—+s 
W2tm Tm ° 


In the time domain, Eq. (20) is easily found to be 


i,(t)~1—ex . 2 
af Ww? 


N27, 





Equations (18) and (21), therefore, represent the 
approximate solutions of the diffusion equation for 
small times and large times, respectively. Equation (20) 
may be transformed to the frequency domain; thus, 


i¢( jw) 2L,2 1 
_—. } @ 
te(jw) \W2tm/l (2Ln2/W?tm)+ jo 
where the assumption 2L,,?/W*>1 has been made. 


From Eq. (22) it is apparent that the approximate 
a cut-off frequency is 


Qe fa=Wa= 2Ln?/W?tm=2Dm/W? 

Equations (18) and (21) may then be rewritten as 
i,(t) + 2[1—erf(1/2wat)] for t0, (23) 
i,(t) + 1—e~“' for i. (24) 





The time it takes the collector current to reach a value 
of 0.1 of its final value may be determined by equating 
the error function of Eq. (23) to 0.95. This time, 
designated as 4, is 


t,=0.041/ fa. (25) 


The rise time of the collector current may be found 
from Eq. (24) by equating wat to unity. Thus, the 
rise time fg is 


tp=0.16/ fa. (26) 


Equation (26), although approximate, is in good agree- 
ment with experimental results obtained for junction 
transistors having high ao values. [ao is the low- 
frequency current amplification factor given by Eq. 
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(11).] Since the one-dimensional diffusion equation is 
valid only for transistors of a~1, this qualification of 
Eq. (26) is to be expected. Figure 2 illustrates the 
comparison of experimentally measured rise times to 
those predicted by Eq. (26). 


IV. CONCLUSIONS 


A signal applied to the emitter of a junction transistor 
is conveyed to the collector circuit by a process of 
minority carrier diffusion through the base region. The 
ratio of collector current to emitter current may readily 
be calculated from the one-dimensional diffusion equa- 
tion for a steady-state periodic emitter current. Such a 
calculation leads to an expression in the complex- 
frequency domain [Eq. (10) ]. If it is assumed that i, is 
a step function, the Laplace transform may be written 
for the collector current response. This transform may 
be evaluated directly by expanding the original function 
into an infinite series of exponential terms, or may be 
evaluated approximately by making simplifying as- 
sumptions for specific time intervals. The approximation 
technique leads to rise-time predictions which are in 
good agreement with those obtained experimentally 
(Fig. 2). 
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Approximate formulas for the complex propagation constant and characteristic field configuration for 
dielectric-filled traveling wave slot antennas are obtained by a variational procedure. To set up the varia- 
tional method, the generalized reciprocity theorem for traveling wave line sources is deduced; it differs 
considerably from the reciprocity theorem for point sources. A perturbation technique for solving the varia- 
tional equations is given. Formulas are worked out for rectangular wave guides and good agreement with 


available measurements is obtained. 





INTRODUCTION 


TRAVELING wave slot antenna consists of a 

wave guide which radiates through a long slot 
cut in the wave-guide wall parallel to the length of the 
wave guide. It is of considerable practical importance,!~? 
because it is much easier to construct than an array of 
discrete half wave slots® and can be designed to give any 
desired radiation pattern, within the usual limits im- 
posed by the extent of the radiating aperture. It has 
been found that the field associated with a traveling 
wave slot can be characterized by a complex propaga- 
tion constant except for discontinuity effects at the 
beginning and end of the slot. 

The problem is idealized by assuming that the slot 
and wave guide are of infinite length and that the cross 
section of the slotted wave guide is uniform. Figure 1 
shows the cross section of a practical antenna in which 
the slot is mounted in an infinite ground plane."*-" The 
idealized problem can thus be stated as the determina- 


1H. G. Booker, J. Inst. Elec. Engrs. (London) 93, part 
IITA, 620-626 (1946). H. G. Booker, Report M 30 (Telecommu- 
nications Research Establishment, Swanage, England, 1941). 

2W. W. Hansen, Radiating Electromagnetic Waveguide, U. S. 
Patent No. 2402622. 

3 Hansen, Seeley, and Pollard, Notes on Microwaves (Radiation 
Laboratory, Massachusetts Institute of Technology, Cambridge, 
Massachusetts), Vol. 3, chapter 22, pp. 24-33. 

‘Interim Engineering Report 301-9, August 1, 1948, Antenna 
Laboratory, The Ohio State University Research Foundation; 
prepared under Contract W 33-038 ac 16520 (17380), with Wright 
Air Development Center, Wright-Patterson Air Force Base, 
Dayton, Ohio. 

5A. L. Cullen, Phil. Mag. 40, 417-428 (1949). 

¢W. Rotman, The Channel Guide Antenna (U. S. Air Force 
Cambridge Research Laboratories, Cambridge, Massachusetts, 
January, 1950). 

7D. R. Rhodes, J. Appl. Phys. 21, 1181-1188 (1950). 

*8W. H. Watson, The Physical Principles of Wave Guide Trans- 
mission and Antenna Systems (Oxford University Press, London, 
1947). 

* Hines, Rumsey, and Walter, Proc. Inst. Radio Engrs. 41, 
1624 (1953), or see “Traveling wave slot antennas,” Report 
400-11 (The Ohio State University Research Foundation; pre- 
pared under Contract AF 33-038-9236 with Wright Air Develop- 
ment Center, Wright-Patterson Air Force Base, Dayton, Ohio, 
December, 1951). 

1 A case where the ground plane is absent is considered in A. S. 
Schelkunoff and H. T. Friis, Antenna Theory of Practice (John 
Wiley and Sons, Inc., New York, 1952). 

1 A case where the ground plane is replaced by an arbitrary 
cylinder is considered in the companion paper by Roger Harring- 
ton, J. Appl. Phys. 24, 1366 (1953). 


tion of the modes of an open wave guide which is partly 
filled with dielectric. 

To obtain an approximate solution we use a varia- 
tional method” based on an assumed distribution of 
tangential electric field in the slot. When the wave 
guide is air-filled the solution can be represented in 
terms of a single scalar, as shown in the companion 
paper."' The dielectric-filled case has to be formulated 
in terms of two scalars, which results is a much more 
involved analysis. It is found that the stationary ex- 
pression for the propagation constant y of the cross 
section shown in Fig. 1 is 


Ww/2 


[E, (‘H.—*H.)+E.(‘H,—“H,) }dy=0, (1) 


—Ww/2 


= 


where E, and E, represent the y and z components of 
the assumed electric field in the slot, ‘H and *H repre- 
sent the internal (x<0) and external (x>0) magnetic 
fields which fit the assumed EF, and E,, and all fields 
depend on z as e”’. 

At first sight it might appear that there is an error 
of sign in Eq. (1). For example the stationary expres- 


© 


A 


x Fic. 1. 





Y 


* 8) 


2C. F. Levine and J. Schwinger, ‘On the theory of electro- 
magnetic wave diffraction by an aperture in an infinite plane con- 
ducting screen,” in Theory of Electromagnetic Waves (Interscience 
Publishers, Inc., New York, 1951), p. F1. 
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sion for the resonant frequency of a source-free system is 


f f CEX (‘H—«H)]-ndS=0, (2) 
z 


where E represents the tangential electric field assumed 
over the closed surface = and n is a unit vector normal 
to 2. This suggests that Eq. (1) should take the form 


W/2 


LEX (‘H—-H) ].dy=0, (3) 


—Ww/2 


which manifestly differs from Eq. (1). Indeed it is not 
clear what the form of Eq. (1) would be in generalized 
cylindrical coordinates (without carrying out a lengthy 
analysis) because Eq. (1) does not have an obvious 
physical (or tensor) significance like Eq. (2). It there- 
fore seems desirable to understand Eq. (1) in terms of 
a physical property instead of simply accepting it as a 
consequence of certain mathematical manipulations. 

The explanation is that the reciprocity theorem for 
traveling waves which vary as e” is quite different 
from the usual form. The usual form is 


[f fs-2-«-nar 
=f f fesn—-K muy, (4) 


where ('E,'H) represents the field generated by the 
volume distributions of electric and magnetic current 
sources 'J and 'K [similarly for (?E, 7H) ], and the vol- 
ume V contains all sources. The reciprocity theorem 
for traveling waves is represented by 


f f [JB4K-*H—2 7, °E,—2'K, H,Jaxdy 


8 
= f [0s-B+ K-24, 
8 


—2°K,'H, ]dxdy, (5) 


where the symbols have the same meaning as before 
but here all sources and fields vary with z as e?* (y 
fixed), and the cross section represented by the surface 
S contains all sources. 

To obtain a value of y from Eq. (1) we have to assume 
some distribution of E, and £; in the slot. Note that 
the problem is symmetrical about the plane y=0. We 
therefore can classify the possible fields as those for 
which either tangential E or tangential H is zero at 
y=0. For the lowest mode of the first class we might 
assume F,=1 and E,=0 in the slot. Although this is 
palpably incorrect it is a satisfactory approximation 
for W<x. For the second class we might assume E, 


=sinry/W and E,=A cosry/W. This shows up the 
vector (as opposed to scalar) nature of the problem 
because there is no way of deciding what value should 
be assumed for the constant A. An “optimum” value 
of A is given by applying the Rayleigh-Ritz method 
to the stationary expression ®, i.e., express ® as a func- 
tion of A and determine A from the equation 


36/8A=0. (6) 


In this problem the value of A is of interest in itself 
because it represents (approximately) the polarization 
of the radiated field. The approximation is admittedly 
coarse in view of the grossly simplified form which is 
assumed for tangential E in the slot. In principle the 
approximation can be improved by including more 
terms of a Fourier expansion for EF, and E, but the 
labor involved in carrying out such a refinement se- 
verely limits its practical value. 

When the slot width W is comparatively narrow, the 
constant ¥ is close to the value for a closed wave guide. 
This suggests that a perturbation method should be 
investigated as an alternative method of solution, par- 
ticularly in view of the considerable difficulty in solving 
Eq. (1) for y. Formally, this is possible but it cannot 


t 


Fic. 2. 


C 


be applied directly to practical calculations. However, 
it is worth discussing because it suggests a way of 
solving Eq. (1) when the assumed tangential electric 
field is taken as a simple modification of an unperturbed 
distribution. 

Let (EH) represent a field which depends on z as 
e?? and which is source-free within a cross section S in 
a plane parallel to z=0 bounded by the closed curve C. 
Then it can be shown (see Appendix) that 


(¥n—Ym) f J ["EX"H+"EX*H J.dxdy 
8 


= Ce. "A t+™E; "He "EF, ™H.— "Fy "H, \dl, (7) 
e 


where the subscript ¢ indicates the component tangen- 
tial to © (see Fig. 2), both S and @ lying in a plane 
perpendicular to the z axis. If either E, and E; or H, 
and H;, vanish on @ for every , then 


J [Cece Ex cH axiy=0 
8 
provided yn~7m. (8) 
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If the functions *E (mn variable) constitute a complete 
orthogonal set (with Eq. (8) as the orthogonality con- 
dition), then the perturbed field E can be represented 


in the form 
E=>' C, *E, (9) 
where 
f f CEX*H+*EXH).dxdy 
Ss 
oth 





2 f f C*EX*H].dxdy 
8 


fu. "H +E, "H,—"EH.—"E.H, \dl 
e 
= ——. (10) 
201-1) ff (oEX*Hdedy 
8 





Equations (7)—(10) constitute the basis for a perturba- 
tion procedure, on the assumption that + is close to one 
of the unperturbed values say yo and (E, H) within @ 
is close to (°E, °H). 

Progress beyond this point depends on what we choose 
for the set of unperturbed fields. Let € be taken as the 
dotted curve shown in Fig. 3. If we choose the un- 
perturbed fields such that 


"E.="E,=0, (11) 


then the Se which occurs in Eq. (10) reduces to 
w/e 


[E, "H+ E; "H, \dy. 


—W/2 


To substitute °E for E here is obviously trivial; the 
alternative is to substitute for EZ, and E, the values 
obtained from the external field which fits the dis- 
tribution H,=°H, and H,=°H, in the slot. Unfor- 
tunately the calculation of this external field is prac- 
tically impossible. Thus the choice of unperturbed fields 
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represented by Eq. (11) is of no use. Other simple 
choices can be ruled out on similar grounds. 

If the unperturbed fields are chosen as the wave 
guide modes obtained when the slot is covered with 
magnetic conductor, then, on @, 


"E,="E,=0 except in the slot, 
and (12) 
"H,="H,=0 in the slot, 


and fe reduces to 
w/e 
-f ["E.H,+"E,H, \dy 
_w/2 


in which we can substitute the values of H, and H, 
which fit the unperturbed values °F, and °£, in the 
external region. With this substitution the first ap- 
proximation to y is obtained from Eq. (7) in the form, 


2—re) [| [ PEX*H]dady 
s 


w/2 
i f (°E.H,+°E,H, My, (13) 
-W/2 


and the first approximation to E is given through the 
coefficients C,, in Eq. (9) by 
Ww /2 
(*E.H,+*E,H, dy 


—Ww/2 


C,.= ’ (14) 
t~4i) J J ["EX*H].dxdy 
Ss 





The process can then be repeated with this improved 
approximation for E and so on (provided it converges). 
Unfortunately in this case it is very difficult to deter- 
mine the unperturbed modes so that the merits of this 
procedure are conceptual rather than practical. There 
is one important exception however. When the slot 
extends all the way across the wave-guide wall, i.e., 
W=b (see Fig. 3), the unperturbed modes are very 
simple functions. 

Observe that the Eq. (13) for 7 is closely connected 
to the stationary formula (1). If we use °E, and °EZ, as 
the assumed distribution in (1), we have 


w/2 
f (°F, “H.+°E, Hy dy 
—W/2 
w/2 
=(  [E, H.4°E, H,]dy 


—W/2 


= aw ff PBX H+ ExX°H].dxdy (from (7)) 
s 


(from (1)) 


ial f f [°EX°H].dxdy, 
8 
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which is the same as (13). This suggests a method for 
solving (1) to any desired degree of accuracy (subject 
to the assumption that E,=°E, and E,=°E, in the 
slot). As above write (1) in the form 


W/2 


f [°R, *H.+°E, “H, \dy 
+ —W/2 ~- 
(y—Yo) =F (y)= » (15) 


f f [RX H+ ‘EX OH Jdxdy 


Ss 





Then the first approximation y; for y is given by 


Ti" ye" F (yo) 
the second 2 by 


Y2—Yo= F (71), etc. 


(See the companion paper" for an alternative method 
based on a Taylor expansion of (1) about yo. The 
Taylor expansion method is adequate for small per- 
turbations but converges too slowly for some cases of 
practical interest.) 

Observe that there is no point in striving to solve 
(15) exactly because it is based on an assumed dis- 
tribution of E, and E, which is not correct. To improve 
this situation we can either use the perturbation method 
(in cases where it is practical) to obtain an improved 
distribution [see (14) ] or, as a simple first-order im- 
provement we can assume 


E,=°E, and E,=C°E,, (16) 


where the constant C is determined from the Rayleigh- 
Ritz method [see Eq. (6) ]. When (16) is used, it can 
be shown that (15) still represents (exactly) the solu- 
tion of (1), bearing in mind that H,, H., E, and H are 
now the fields which fit the distribution (16) in the 
slot. The calculation of these fields is discussed in the 
Appendix. 

If the unperturbed field is TE, E,=0. In this case let 


E,=°E, and E,=C cos(ry/W) in the slot. (17) 


Then the analysis proceeds as before and we obtain 


Foi= f °F, H./ f {Ext 
ae s 


+‘EX°H]dxdy. (18) 
EXPERIMENTAL VERIFICATION 


To check the theory, computations have been carried 
out for the air-filled case and compared with experi- 
mental values. The correlation of theory and measure- 
ments for the dielectric-filled case is under investigation 
but there is not enough data to report at present. The 
results for the air-filled case are shown in Figs. 4 and 5. 
A constant distribution of E, was assumed for the TE 
case and a sinusoidal distribution for the 7M case. It 
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Fic. 4. Air-filled guide with TE excitation. 


may be of interest to note that the value of y obtained 
by using the “equivalent TE impedance” in the con- 
dition for transverse resonance is considerably in error 
for large perturbations (the value of the attenuation 
factor disagrees with measured values by about a factor 
of two at the end of the range shown in Fig. 4) pri- 
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marily because the “equivalent impedance” is calcu- 
lated on the assumption that y is pure imaginary. Note 
also that the theory applies to a ground-plane (the 
plane x=0) of infinitesimal thickness. In practice the 
slot must be cut in a ground plane of finite thickness 











12 7 
—— CALCULATED / 
10 / 
--—— UNPETURBED / 
/; 
. 7 
/ 
6 Ls 





aa? / 
7 





























als 





wD 


f + 
qh WwW 
7 | em 
h oo 


ELECTRIC FIELD 
CONFIGURATION 


Bt. y?: x?: ix2e'? 











12° 


t=0,02 X i/ 
_ 
10° 


—— CALCULATED 












































- x MEASURED / 
S 6s rt 
— t= 0.08) 
6 

4° 7 

2° 

VA 
asl 








0 
0 02 04 ‘a 06 O08 1.0 


a 
Fic. 5. Air-filled guide with TM excitation. 


RUMSEY 


which may cause a significant discrepancy between 
measured and calculated values. Figure 5 illustrates the 
difference in measured values for two typical values of 
ground plane thickness. 


APPENDIX 
Reciprocity Theorem 


Consider monochromatic electromagnetic fields which 
vary with z as e?*. For the sake of symmetry, suppose 
that there are magnetic current sources analogous to 
the usual electric current sources. Let the three-com- 
ponent vectors E, J, H and K, respectively, represent 
the electric field, electric current density, magnetic field, 
and magnetic current density. Let the symbols e, h, j, 
and k represent the transverse vectors such that e, 
=E,, ey=E,, and e,=0, etc. Assuming e*** time de- 
pendence, the Maxwell equations, 


VXH=ieE+J and VXE=—iyH-K, (19) 


can be manipulated to give the following relations: 


iwee+j=yzXh—zXVH., (20) 
— iwph—k=yzXe—2XVE., “(21) 
iweE,+J,=—V-(zXh), (22) 
iopH + K,=V-(2Xe), (23) 


eh=7(VH.—2Xj ]t+iwedlk—zXVE.], (24) 
Ce=7(VE.+-2Xk]+iou[j+2XVH.], (25) 


where x, y, and z represent unit vectors in the x, y, and 
z directions, 


re) ) 
V = x—+ > same 
Ox dy 


and 
C= P+yY=w'pe+7’. 


In two dimensions, Green’s theorem can be stated in 
the form 


g ‘taille f f [eV-A+A-Vy]dxdy, (26) 


Ss 


where A is any vector, g any scalar (subject to the 
usual continuity conditions), S the area enclosed by C, 
and m the unit normal lying in the x y plane as in Fig. 2. 
Let 


A=zxX'h and ¢="E,, (27) 


where the fields (‘E, 'H) and (?E, ?H), respectively, are 
the result of the source distributions (‘J,'K) and 
(?J,?K). Observe that A,='/;, the tangential com- 
ponent of h as defined in Fig. 2. 

Substitution in (26), utilizing (20), (21), (22), and 
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(23) gives 


¢ 1h, 2Edl= f f [—iwe 1E,2E,—J,2Es 
/C 


8 


+2X'h-2e— twp h-2h—"h-2k ]dxdy. (28) 


Proceeding in this manner we obtain the following 
result : 


¢ ("h, *E.—*h, ‘E.—'e, °H+%e, 1H, |dl 
e 
=f flyers, 1F,—4y-'e 
Ss 


—h-?k+H,°K,4°h-'k—*H, 'K,]dxdy. (29) 


This equation applies when the medium enclosed by @ 
is heterogeneous. The result (7) is obtained from a 
similar procedure. Let © be the circle at infinity of 
radius R. At great distances from the source 
E,=e~‘**f (6)p-!+-O(p-4) and 

H,=e~**°g(6)p-*+-O(p-4), (30) 
where p, 6, and z are the conventional circular cylin- 


drical coordinates. Substituting from (30) in (24) and 
(25) (applied to a source-free region) gives 


He= —wek,/x+O(p-3) (31) 


and 


Ee=wpH ,/x«+O(p-3). (32) 


On the circle at infinity 4,= Ho and e,= E,. Substituting 
for "hz, "he, ‘es, and *e, from (31) and (32) in (29) shows 
that the integral round the circle at infinity is of order 
1/R. Thus, resuming the 3 component vector notation 


J fsb KH BK Haas 
8 


. 2f J ['J.*E.+'K,*H,—J,'E,—*K, Hi] 
Ss 


Xdxdy. (33) 


This is a statement of the reciprocity theorem for 
traveling waves with the same propagation constant. 
If we introduce the matrix 


10 0 
s=|0 1 0}, 
00 -1 


the reciprocity theorem (33) can be written more con- 
cisely in the form 


f [03-84 K-53. BK -s 1) 
s Xdady=0. (34) 
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If we define a tensor Greens function” I by 
H@)= [ [T@,OKOdredy, 35) 
s 


where H(P) is the magnetic field at P due to the mag- 
netic current distribution K (everything depending on 
z as e7*), then 


sT'(P,Q)=(Q, P))s, (36) 


where (I) is the transpose of I’. If we define the tensor 
A by 


E(P)= f f A(P, 0) I (Q)dxedya, 
s 


where E(P) is the electric field at P resulting from the 
electric current distribution J, then 


uesVpXT(P, Q)=—er(VeXA(Q, P))s. (37) 


Let J represent the electric current distribution 
which would generate the field which fits an assumed 
distribution of E,; and E, on @. It is readily verified, 
by using the reciprocity theorem (34), that the value 
of y which satisfies 


$ J-sEal=0 (38) 
e 


is stationary for variations of the assumed distribution 
of E about the correct value. When (38) is applied to 
the case shown in Fig. 3, we obtain Eq. (1). 


FORMULAS FOR RECTANGULAR WAVE GUIDE 


The field which fits any assumed distribution of 
tengential £ in the slot is the same as the field which 
would be set up by the equivalent magnetic currents 
K= EXn with the slot covered by electric conductor; 
for the internal and external regions n= — x and n= x, 
respectively. Thus for the internal or external regions 
shown in Fig. 3, the field which fits the assumed dis- 
tributions of E, and £, in the slot can be represented by 


E=VxX(yU+z2V), (39) 


where the scalar function U represents the field due to 
K, alone and V represents the field due to K, alone. 
Since the field represented by U must, by itself, satisfy 
all boundary conditions, the internal U field is repre- 
sented by U;, where 


Ui= SY up cosl,(x+D) sinnr(y/b+4), (40) 
n=0,1,2--- 
where 
nr\? 
i+ (=) =aetrt—ne (a1) 
w/2 
—bl,u, sinl,D= 2f E, sinnr(y/b+}4)dy, 
° -w/ sie ’ (42) 


and 
Ug= 0, 
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E, being the assumed distribution. Similarly 


Vi=_ > vo, cosl,(x+D) cosmx(y/b+4), 


n=O ,1,2--- 


(43) 


where /,, is given by (41), 
wie 

bv,/, sinl,D= 2f E, cosnr(y/b+4)dy, n+0, 
w/e 


and 
w/2 


broly sink) D= f Ey. 


—W/2 J 


(44) 


The external field is generated by the equivalent mag- 
netic currents K, radiating in the presence of an electric 
conductor which covers the complete plane x=0. It is 
therefore the same as the field due to K (in free space) 
plus the field due to the image of K in the plane x=0. 
The image of a magnetic current in an electric con- 
ductor is in phase with the source. Since K and its 
image are at the same place, it follows that the external 
field is the same as the field due to 2K radiating in 
free space. Thus, the external field is represented by 
*E, where 

‘E=VX*F, (45) 
where 


x w/2 
2x *F (x, y, z)= f a’ f dy'[xX E(0, y’, 2’) 
vs wai X{exp(—iB.r)}r] (46) 
r= (x—0)*+ (y—y’)?+ (s—2'). (47) 


Since the field depends on z as e7’, the integration with 
respect to z can be carried out.® As in (39), let 


and 


*F= yU,+-2V.. (48) 
Then from (46), putting x=0, 
W/2 
2U.(y)= if EH) (xp)dy’ (49) 
—w/2 
and 
Ww/2 
2V.(y)= -if E,H,® (xp)dy’, (50) 
4 w/2 
where 
r=K2=B2+7’, (51) 
= (y—y’), (52) 


H,® is the Hankel function of the second kind which 
represents outgoing cylindrical waves. 

This completes the determination of the internal and 
external fields which fit any given distribution of tan- 
gential Z in the slot. Alternatively the results may be 
expressed in terms of the tensor I’ [defined in (35) ] as 
follows. Applying (39) to a unit line source for which 

2,=0 gives 


l'.2(y, y)=Kn(y, 9’), (53) 


, on ‘A 
ry(y, Y=y—(y, 9’), 


(54) 
dy 
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and to a unit line source for which £,=0, gives 


dg 
Pay(y’, = r—O", 9), (55) 
oy 


oe 
yyy’, »)= (#+— Jew’ y); (56) 
oy" 


where the functions 7 and & are symmetric and are rep- 
resented by 


2 cotl,,D 











cotl,D 
— touni= ~} — 
blo n=1,2,3--- bl, 
y 1 y 1 
cosne(“+-- ) costa ( “+-), (57) 
b 2 b 2 
2 cot!,D 
— twpe; = - 
n=1,2,3--- Dl, 
y 1 y 1 
xsinwr(=+-) sinne(“+--), (58) 
b 2 b 2 
— 2wune= Hy (kep) = — wee. (59) 
If we assume that 
E,= BdE,/dy, (60) 


where the constant B is to be determined from 
0@/dB=0 


as in (6), we obtain the following equations for B and 
y [from substitution in (1) ]: 











w/2 w/2 0°n i 
rf 4 dy’ Falo)| | iy) 
W/2 _—W/2 dydy’ 
= — (61) 
w/2 Ww /2 On i 
fof dy’ Exl)| ] E,) 
—Ww/2 —W/2 dydy Je 
W/2 
JS yf “WE. o)| (+= =e] (y’) 
w/2 Ww/2 = (62) 





rf ‘of “ayE.)| | E.(y’) 
—we %—we Oy" Je 


where [ ].' represents the difference between the values 
of the bracketed expression for the internal and ex- 
ternal regions, and the functions 7 and é are given in 
(57), (58), and (59). 

The double integrations in (61) and (62) can be 
carried out readily for the internal region, but present 
a little more difficulty for the external region. Observe 
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that &-(y, y’)[=7-(y, y’)] is a function of | y—~+’|. Now 


J f g(ye(y’)k(|y—y’ | )dydy’ 


-—a -—@ 


-2f inde g(u)g(ut+r)du (63) 


-4 


provided 
g(u)g(u’)=g(—u)g(—w’). 


When g() is a sine or cosine function the integration 
with respect to u can be carried out and thus the double 
integral is reduced to a single integral which can be 
evaluated numerically. Equations (61) and (62) apply 
to any assumed distribution which satisfies (60), such 
as the distribution assumed in (16). In terms of B, the 
constant C defined in (16) is given by 


C=70/xeB. (64) 
The value of B given by (61) makes 


wie 
[eli liay=0, 
—Ww/2 
and the value of B given by (62) makes 


w/2 
J °F CH, idy=0. 


—Ww/2 


It follows that (1) may be written in the form 


W/2 


f (°E,(H.]e+°E LH, ]dy=0 
—W/2 


[when the assumed distribution (16) is used] which 
can be rewritten in the form given in (15). To express 
F (y) [see Eq. (15) ] as a function of y we can use either 
the value of B given by (61) or (62) [there is no dif- 
ference if y is the value which satisfies (1) ]. 

It remains to determine the unperturbed distribu- 
tions of tangential E in the slot. Since we have chosen 
the unperturbed field as the closed wave-guide field 
which would be obtained if the slot were covered with 
magnetic conductor, it is very difficult to determine the 
unperturbed field exactly, except for the case where one 
wall of the rectangular guide is entirely composed of 
magnetic conductor, i.e., the slot is formed by removing 
one wall entirely. For this case the unperturbed field is 
very simple—it is the same as the field in half of a 
conventional rectangular guide because the magnetic 
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wall acts as a perfect mirror. The lowest-order modes 
are represented by the distributions 


°F,=1, °“E,=0, (TE) (65) 
and 

Yor y 

°F, =— sin—, 


Tv 
°F,= — (B2-+70) cos—(TM) (66) 


in the slot. For the general case where the slot does not 
occupy the entire wall, we can determine yo approxi- 
mately from (38) by using the distributions (65) and 
(66) although the application of (38) here is rather 
trivial because the unperturbed field can be represented 
by a single scalar function. For the TE case it becomes 


cothDr p¥? 2 2 cotl,D 
0= | J *ExAy] + £ 
lo —Ww/2 n=1,2,3,--- } 


W/2 


x| f °E, cosnm (y/ b+ Hdy] » (67) 
-wh 








and fort the 7M case 


= > 


n=1,2,3,--- 


l, cotl,D 


2 


W/2 
x| J *E, sine (y/b+4)dy] (68) 
—W/2 


Alternatively, an approximate value for yo can be ob- 
tained from the condition for transverse resonance by 
using the values for the equivalent circuits of capacitive 
and inductive irises given in the Waveguide Handbook ;* 
the values so obtained are practically the same as those 
given by (67) and (68). 

Although our inability to determine the unperturbed 
field exactly to some extent reduces the value of the 
perturbation method, there is still a considerable ad- 
vantage in being able to determine, by fairly simple 
means, a close approximation to the unperturbed pro- 
pagation constant. For example solving (67) or (68) 
for yo is immeasurably easier than solving (1) for . 
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A variational method of determining the attenuation and phase constants for the fields along a slotted 
wave guide is presented. Calculated and experimental values for a slotted circular wave guide excited in 


the TE; and T7Mo; modes are included. 





I. INTRODUCTION 


NOWLEDGE of the characteristics of the fields 
along a slotted cylinder is useful in the predic- 
tion of the behavior of traveling wave slot antennas. 
Such an antenna consists of a long slot cut in the wall 
of a conducting body and excited so as to produce a 
field traveling along the length of the slot. A common 
type consists of an axially slotted wave guide opening 
into free space bounded by a cylindrical conducting 
surface, as illustrated by Fig. 1. There have been several 
recent investigations of these antennas.'~ If the cylinder 
is assumed to be infinite in length, and the tangential 
electric field over the slot is known, the radiation field 
can be calculated by known methods.®:* A perturbation 
technique for calculating the complex propagation con- 
stant (attenuation and phase) has been described in 
reference 1. In this paper a stationary integral expres- 
sion for the eigenvalues of the problem is obtained, by 
a method similar to that used by Schwinger in the 
treatment of obstacles in wave guides.’ 


CONDUCTING CYLINDER 


{ 


YY 5 =) 


Lone SLOT COMMON TO 
CYLINDER AND WAVEGUIDE 














WAVEGUIDE 


Fic. 1. The traveling wave slot antenna. 


The analysis is carried out in circular cylindrical co- 
ordinates, but the method is applicable to any set of 
cylindrical coordinates. The wave-guide wall and the 
external cylinder are taken as coincident, which is 


* Now at Department of Electrical Engineering, Syracuse Uni- 
versity, Syracuse, New York. 

1 Interim Engineering Reports 400-1 to 400-11, The Antenna 
Laboratory, The Ohio State University Research Foundation; 
prepared under contract with Air Research and Development 
Command, Wright-Patterson Air Force Base, March, 1950, to 
December, 1951. 

? Hansen, Seely, Pollard, Radiation Laboratory, Mass. Inst. 
Technol. III, Chapter 22, 24-33 (1947). 

7A. S. Dunbar, Technical Report No. 10, Stanford Research 
Institute (1950). 

4W. Rotman, The Channel Guide Antenna (U. S. Air Force 
Cambridge Research Laboratories, 1950). 

5R. F. Harrington, Radiation from Apertures in Cylindrical 
Surfaces (The Antenna Laboratory, Department of Electrical 
Engineering, The Ohio State University, June, 1951). 

( 4 Silvers and W. K. Saunders, J. Appl. Phys. 21, 153-158 
1950). 

7D. S. Saxon, Notes on Lectures by Julian Schwinger (Mass. 

Inst. Technol., February, 1945). 


again an unnecessary simplification. Rumsey and asso- 
ciates have treated the case of a square wave guide 
opening into free space through a ground plane by the 
same method.! For the analysis, it is assumed that the 
slot and cylinder are infinite in length, the guide wall 
perfectly conducting, and the dielectric homogeneous 
everywhere. A cross section of the slotted wave guide 
considered is given in Fig. 2. The usual p, ¢, z cylindrical 
coordinates are used, and the conducting surface is de- 
fined by p=a, |¢| >@o, where 2¢p is the angle subtended 
by the slot. The analysis is also applicable for multiple 
slots, but calculations have been made only for the 
single-slot case. 


II. DETERMINATION OF THE FIELD 


Only those fields which are characterized by a single 
propagation constant in the z direction and harmonic 
time variation are considered. That is, all field quan- 
tities vary as e7*t+?*!, Such a field may be thought of as 
being generated by a sheet of currents flowing on an 
infinite plane perpendicular to the z axis. Any arbitrary 
field can be represented as the sum of a field transverse 
magnetic (7M) to the z axis, and one transverse electric 
(TE), giving 


E=°E+"E, H=*‘H+7H. (1) 


The superscripts e and m designate TE and TM com- 
ponents, respectively. The 7M field can be expressed 
in terms of a Hertzian vector "x having only a z com- 
ponent, and the TE field in terms of *x having only a 
z component. Both "1, and ¢z, satisfy the scalar wave 
equation 


V2r.-+6'r.=0. (2) 


The electric and magnetic fields in terms of the  vec- 
tors are given by 


E= —jwuVX *xt+VXVX ™x, 
H=VXVX ¢xtjweVX x. 
Also, define the quantity x as 
r= P+". (4) 


The fields must satisfy the boundary conditions 
E,= E,;=H,=0 on the conductor. By definition, ‘E,=0 
everywhere, so that the 7M field must’ independently 
satisfy the condition Z,=0 on the conductor. Also, 
from (3), the conditions E;=H,=0 on the conductor 


(3) 
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require 
yO™r, 


0 °r, 








+ jou—=0, 


a 0¢ Op 
(5) 
Or, yO °r, 
jwe +— =0. 
Ob a Op 








These equations can be satisfied only if ‘E,="E,=°H, 
="/1,=0 on the conductors, or y?= —w*ye. The latter 
possibility implies that the fields are propagated only 
in the axial direction with the speed of light, that is, 

=(), and the fields are TEM. Thus, one can conclude 
that all boundary conditions must be satisfied indi- 
vidually by the TE field and the 7M field, and each 
can exist independently of the other. There is therefore 
no loss of generality if consideration is restricted to 
fields which are either TE or TM. Incidentally, the 
above is not true if the wave guide is dielectric filled, 
since there is then the additional boundary condition 
at the dielectric surface. 

By an application of Green’s theorem, the internal 
and external fields can be related to the tangential 
electric field over the slot, and the problem reduces to a 
two-dimensional one. The Green’s function G is taken 
to be the scalar potential from an oscillating line source 
parallel to the z axis at the position p’, ¢’. The source 
is of excitation e%*, and the field satisfies some pre- 
scribed boundary condition on the cylinder p=a. 
Green’s second identity is applied to 7, and G in a 
volume bounded by the given cylinder and two planes 
perpendicular to the z axis and separated by an in- 
finitesimal distance. If the region external to the 
cylinder p=a is considered, the volume must be closed 
by an additional cylinder enclosing the given cylinder 
and the Green’s function source. All integrals vanish 
except the surface integrals over the given cylinder. 
The exponential z variation cancels, and the integral 
reduces to a line integral. 

The results are as follows. For the TE case, the 
boundary condition on G is 0G/dp=0 at p=a, that is, 
the normal derivative of G vanishes on the given cylin- 
der. The z component of the magnetic field at the point 
p’, ¢’ is given by 





—xa $0 ° 
His, }=—— [+E (a, #9G(0, 6, 0°, 046. 6) 


2rjwpy —¢ 


The integration in (6) is carried out only over the slot 
since ‘E,=0 elsewhere on the cylinder p=a. For the 
TM case, specify G*=0 at p=a where the (*) signifies 
that the Green’s function is that obtained for G vanish- 
ing on the given cylinder. The ¢ component of the 
magnetic field is given by 





0°G* 
"Hs (p’, ¢’) = "E, (a, ¢) “do, (7) 
Opdp 


Ti —$0 
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where again the integration is carried out only over the 
slot. 

There are two forms of the Green’s functions in each 
case, depending upon whether the point p’, ¢’ is inside 
or outside of the cylinder p=a. In the subsequent work, 
the subscript 7 will denote the region internal to the 
wave guide, and the subscript e will denote the external 
region. 


III. VARIATIONAL FORMULATION 


The exact determination of x (or y) for the fields is a 
difficult problem entailing the matching of the tan- 
gential magnetic field for the internal and external 
regions. This can be carried out in a formal manner, 
but is impractical for obtaining numerical values. 
Therefore, a variational method will be applied, similar 
to that used by Schwinger for the treatment of ob- 
stacles in wave guides,’ and by Lucke on corrugated 
surfaces.® 

In (6) and (7) let p’—>a, obtaining expressions for the 
tangential magnetic field on the given cylinder in terms 
of the tangential electric field over the slot. In order to 
treat the TE case and the TM case simultaneously, the 
following symbols will be used: 





TE case TM case 
E=*E, E="E, 
H="Hi—Hre H="Hoi—"H ye 
_-#G-G,) _ jeg 'G! 8G! 
Dade ~ Qa? Lapap’ apap’ | 


Consider the integral equation 
$0 
f_ 2@ 0H a0'=0. (8) 
—$0 


This equation is an identity for the true fields, since H 
is everywhere zero over the slot. It will be shown that 
if E is chosen to a first-order approximation, «x obtained 
from (8) will be correct to the second order. In other 
words, «x determined by (8) is relatively insensitive to 
variations in E about its correct value. 

By substitution of (6) or (7) into (8), one obtains 


f: WE) [ dsE@WO, ¢ 


—$0 


,K)=0. (9) 


Fic. 2. Cross section 
of the slotted wave 
guide. 








8 Ridge and Corrugated Antenna Studies, research reports (Stan- 
ford Research Institute, Stanford, 1950). 
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Letting the assumed electric field be given by E+6E, 
and substituting into (9) gives 


0 $0 
f do’ (E+5E)’ do(E+5E) 
— $0 —$0 
oy 
x (v+e—+ ee ) =0. (10) 
‘yy 
In (10), Y has been expanded in a Taylor series about 


the true x. Multiplying out (10) and retaining only 
first-order terms gives 


f dq’ FE’ f dpEy+ f dq’ EF’ f dob ky 
ow 
+ f dg’'5E’ f dp E+ ix f d¢’E’ f os (11) 
K 


Note that ¥(¢, ¢’, x)=W(¢’, ¢, x), since by reciprocity 
the potential at a point ¢’ from a source at ¢ is equal 
to the potential at the point ¢ from a line source at ¢’. 
Thus, the second and third integrals are identical and 
equal to 


f 5E(¢’)H (¢’)do’ =0. (12) 
—$0 


This integral vanishes since H(¢’) is zero over the slot. 
Also, the first integral of (11) vanishes by (8) giving 


¢o 0 oy 
5x f do’ E(¢’) dpE(¢)—=0. (13) 


—$0 —%0 Ox 
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Fic. 3. Plot of (xa)? for the TE slotted cylinder. 
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Since the integral is not identically zero, it follows that 
dx=0, that is, the first variation of x is zero. Thus (8) 
is a stationary expression for the determination of x. 

An analogous formulation of the problem could be 
accomplished in terms of the tangential magnetic field 
over the conductor. However, for small slots, it would 
be more difficult to make a reasonable assumption of 
the tangential magnetic field over the conductor than 
to make a choice of the tangential electric field over the 
slot. 

In summary, the proposed method consists of: (a) 
solution of the scalar problem of the potential from a 
line source in the internal and external regions, subject 
to prescribed boundary conditions on the given cylin- 
der; and (b) assumption of a reasonable tangential 
electric field over the slot and calculation of x by means 
of (9). The propagation constant y is then given by 
(4), where the imaginary part is the phase constant 
and the real part is the attenuation constant. 


IV. CALCULATIONS 


The appropriate Green’s functions can be constructed 
in a manner similar to that used by Carter.? The func- 
tion ¥, as defined in part III, is found to be, for the 
TE case 


—1 x En 


= Dv 
(ra)*wy n=0 J, (xa)H , 2” (xa) 





TE 


cosn(@—¢’), (14) 


and for the 7M case 


WE bes En 


Yru= 








= — cosu(@—¢’). (15) 
(rxa)? »=0 J ,(xa)H , (xa) 


The substitution of (14) into (9) gives, for the TE case, 
vr. En 90 oo 


do’ *E4($') | do *E4(4) 


n=O Jn’ (xa)H ,?” (xa)Y —¢0 —$0 





Xcosn(¢—¢’)=0, (16) 
and substitution of (15) into (9) gives, for the TM case, 


ra) En 


x, J (xa) H ,@ (xa) 





oo $0 
f do’ ™E,(¢’) f do "E.(¢) 
—$0 


—$0 
Xcosn(@—¢’)=0. (17) 


Equations (16) and (17) are the equations for the 
determination of x. They are valid for the case of mul- 
tiple slots, as well as for the single slot, by changing the 
integration interval. These equations, however, do not 
uniquely determine « but give an infinite set of solu- 
tions. The solutions represent fields characterized by 
different propagation constants, similar to the wave- 
guide modes in a closed cylinder. If the slots are reason- 


®*P. S. Carter, Proc. Inst. Radio Engrs. 31, 691-692 (1943). 
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Fic. 4. Plot of (xa)? for the 7Mo slotted cylinder. 


ably small, these slotted cylinder modes will be but 
slightly perturbed from the wave-guide modes. In 
classifying the modes of the slotted cylinder, the desig- 
nation used will be that of the mode which would exist 
of the guide were completely closed. Thus, a TE, 
slotted wave guide would be one excited so as to pro- 
duce the TE,, mode in a closed wave guide, and so on. 

The solution for the two lowest-order modes with a 
single slot, the TZ, mode with excitation antisymmetric 
about the diameter through the mid-point of the slot, 
and the 7M mode, will be considered. Following the 
variational method, a reasonable tangential electric 
field over the slot is assumed. For the TE£,; mode, take 
*‘E,=1 over the slot, and for the 7Mo mode, take 
™E.=cos(1/2¢0) over the slot. The integrals in (16) 
and (17) are evaluated, respectively, as 


0 ¢0 z sinndo 2 
T= f f conn(—@')d0d6'=| , (18) 
—¢0% —$0 n 


ro’ 
“|= is f. con cos— cosn(¢—¢’)dod¢’ 
2¢0 
4irdo Cosndo 
[SSI 


n— (2nd)? ) 





Since the desired solution « is in the vicinity of that 
for the wave-guide mode, denoted by ko, let 


Ka= kod +x, (20) 


where x is a small complex number. Expanding (16) 
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and (17) in series about xa, one obtains equations of 
the form 


x ax (do) x* = 0. (21) 


Since |x| is small, terms of (21) through the second 
power were sufficient to determine x to good accuracy 
for the slot widths considered. In particular, for the 
TE}, case, define 





bai En Ts 
en JE Ta, 
. a ‘Hi. 2)" 
(22) 
wi Jn! H,p®'+J 9'H,®"” 
b,=J,"H, 2’ po En oy ao" . 
0 HY 


Then, Eq. (21) through the second power becomes 
H,®” J" 
H,®”’ 25," 








‘rot bat | ( )in—ts fro (23) 


The argument of the Bessel and Hankel functions in 
(22) and (23) is xoa= 1.841. For the 7M case, define 


ad 
co= 2J9'Hy > 
n=1 J, | * 2)” 


we J fH,@+J,H,?” 
=) Hy > I, ; 
a (JH, 7 
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;. 5. Calculated and experimental values of a for 
the TE, slotted cylinder. 








1370 ROGER F. HARRINGTON 


} | | | | | 

[CEE 
EEEEEEEE 
| 0,X- EXPERIMENTAL POINTS BR T 
PErrrer ttt 








2 


x 


Fic. 6. Calculated and experimental values of c/o for 
the TE), slotted cylinder. 


Equation (21) through the second power becomes 


H,®”’ BP 
“Tot cort| (— -+ Jere }*=0. (25) 
Hy® 20 
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Fic. 7. Calculated and experimental values of a, for 
the TM slotted cylinder. 


The argument of the Bessel and Hankel functions in 
(24) and (25) is xoa= 2.405. 

An interesting property of the solution is that, for a 
given geometry and excitation, only a single plot of 
Kad US do is necessary to give complete information on 
the propagation constant.” This could have been 
anticipated since the problem is formulated in terms 
of only x and the boundary surface, specified by a and 
¢o. Then, according to dimensional analysis, the solu- 
tion should be a function of the two dimensionless 
groups, xa and ¢o. 


V. RESULTS 


The theoretical curves of (xa)? vs do, calculated from 
(23) and (25), for the TE,, and TM, modes, are given 
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Fic. 8. Calculated and experimental values of c/v for 
the TMo slotted cylinder. 


in’ Figs.” 3"and 4, respectively. Determination of y=a 
+78. by Eq. (4) gives the attenuation constant (a) and 
the phase constant (8,) for any particular wavelength. 

Experimental measurements of a and 8, have been 
obtained for comparison with the theoretical results. 
The measurements were taken for the case of a slot of 
the order of 10 wavelengths in length cut in the wall of 
a circular wave guide. The phase constant was deter- 
mined from the angle of maximum radiation from the 
slot, and the attenuation constant was found from 
probing measurements of the wave-guide field. Experi- 
mental and calculated values of the attentuation per 


”V. H. Rumsey, J. Appl. Phys. 24, 1358 (1953). 
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wavelength, a,=ad, and the ratio of free-space velocity 
to that along the slotted guide, c/v=8,A/2r, are given 
for the TE, mode in Figs. 5 and 6, and for the TM 
mode in Figs. 7 and 8. 

While it was shown in the theory that, for the case 
of the infinite slot, if the excitation of the cylinder is 
TE, the entire field is TE and similarly for the TM case, 
it is not necessarily true for the finite length slot. Far- 
field measurements of the experimental models were 
taken of the two orthogonal spherical field components, 
E, and Es, where ¢ is the azimuth angle and @ is the 
angle from the cylinder axis. For a TE field Es=0, and 


for a TM field E,=0 in the radiation field. Measure- 
ments showed that for the finite length slot, the field 
was essentially either 7E or TM, corresponding to the 
excitation. 
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Experiments are described which measure the threshold acoustic pressures necessary for cavitation 
which can destroy certain biological cells. These thresholds are in the neighborhood of 0.3 atmospheres in 
the frequency range from 0.4 to 500 kc. At lower frequencies much greater pressures appear necessary and 
the type of biological damage is different. An interpretation of these results is discussed. 


I. INTRODUCTION 


LTRASONIC vibrations are used in biological re- 
search for the preparation of cellular extracts. 
Many papers have been published concerning this phe- 
nomenon; with two exceptions,' all agree that cellular 
breakdown is always accompanied by cavitation and 
that breakdown is suppressed when cavitation is in- 
hibited. As well as the biological effects, a large group 
of other physical and chemical effects also occur with 
cavitation. All of these have been observed qualita- 
tively at frequencies from 1 kc to several mc, but few 
quantitative comparisons have been made over a wide 
frequency range. If some frequencies existed at which 
cavitation occurred at lower pressure amplitudes, these 
might be optimum frequencies for producing cellular 
disruption. 

Cavitation can be called biologically active if cells 
are destroyed at a static pressure of one atmosphere. 
Near threshold a greater applied pressure completely 
suppresses cellular breakdown, but at higher intensities 


* This paper is based on a talk presented at the Symposium on 
Ultrasound in Biology and Medicine sponsored by the Ultrasonic 
Laboratory of the University of Illinois, Urbana, Illinois, May 
1952. Initial phases of this work were done at Johnson Foundation, 
University of Pennsylvania. The remainder was supported by 
USAF contract No. AF 33(038)-786 with Wright Air Develop- 
ment Center, Wright-Patterson Air Force Base, Ohio. 

1D. E. Goldman and W. W. Lepeschkin, J. Cellular Comp. 
Physiol. 40, 255 (1952). 

? Kinsloe, Ackerman, and Reid, “The effect of air-generated 
sound waves on suspensions of microorganisms,” WADC Tech- 
nical Report 52-176 (May, 1952). 





a depressed breakdown rate is observed. The cavities 
of interest here, originate at submicroscopic nuclei of 
gas or at hydrophobic particles. 

Cavitation can be detected in a number of ways such 
as by visible bubbles or by the noise generated. How- 
ever, if biological cells are used as indicators, a lower 
threshold is observed for the occurrence of cavitation. 


Il. EQUIPMENT AND PROCEDURE 


Mammalian erythrocytes and paramecia were used 
as indicators for these experiments; similar results were 
obtained with both cell types. The fraction of paramecia 
destroyed was determined by cell counts. The red blood 
cell concentration was determined by cell counts and 
by optical density measurements. Breakdown was said 
to occur if the concentration decreased 10 percent in 
30 minutes for the paramecia, or 1 percent in 10 minutes 
for the erythrocytes. 

To obtain sufficient acoustic pressures over a wide 
frequency range, several transducers were used; their 
use was not restricted to their resonant frequencies. 
In every case the peak pressure within the suspension 
was measured with a barium titanate probe hydro- 
phone. Calibrations from 10 kc to 1 mc showed that 
the response was more or less flat below 300 kc, the 
sensitivity varying around —145 db re 1 v/ybar. 
These calibrations have been extrapolated to lower fre- 
quencies; although strictly unjustifiable, this gives a 
lower limit to the pressures at the lowest frequencies. 













































































Fic. 1. Four of the vibrators used. (a) is the motor driven low- 
frequency vibrator. (b) is an electromagnetically driven trans- 
ducer. (c) is the transducer used with various ceramic elements to 
produce vibrations above 60 kc. (d) is one of the magnetostriction 
rod type vibrators. 


Four of the transducers used are shown in Fig. 1. 
In the range of 10 to 60 cps, a motor driven arm is 
attached to a Neoprene diaphragm which forms the 
bottom of the Lucite exposure cup. The peak amplitude 
of 2 cm at 60 cps corresponds to a peak diaphragm 
velocity of 7.5 m/sec; this velocity is considerably 
greater than that of any of the other transducers. The 
audio-frequency generators used have been described 
in another article;* their active element is an electro- 
magnetically driven vibrating diaphragm. From 10 to 
60-kc nickel, magnetostriction tubes were excited to 
produce the sound waves. At the highest frequencies 
studied, a series of resonant ceramic disks were used as 
transducers. 

At the lower frequencies, where the maximum dimen- 
sions were considerably smaller than a wavelength, the 
acoustic pressure maxima always occurred at the center 
of the transducer face. At higher frequencies, pressure 
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maxima usually were located above the transducer and 
often in a circle about the center of symmetry. 


III. RESULTS AND DISCUSSION 


The equipment described above was used to measure 
the minimum pressures necessary for the rupture of 
biological cells; these results are summarized in Fig. 2. 
From 0.4 to 500 kc, the threshold was in the range 
0.30.2 atmospheres. (These apparently large limits 
of error are only slightly greater than those expected 
from the measuring equipment.) The cells remaining 
after exposure to these threshold acoustic fields ap- 
peared completely normal; no visible cavities were 
observed in the suspension. 

By contrast at the lowest frequencies, no rupture of 
red blood cells was ever observed, although the cells 
became very crenated. The paramecia were killed, but 
only very slowly after they had been stunned. In this 
frequency range, many visible cavities were observed, 
within a few seconds after turning on the vibrator. 
In spite of this profuse cavitation, the effects observed 
at higher frequencies were either masked or not present. 
The crenation and stunning may have been due entirely 
to the turbulence. 

A large number of explanations have been set forth 
concerning the mechanism of the destruction of bio- 
logical cells by cavitation, including heating, secondary 
chemical reactions, and purely mechanical destruction. 
The heating of the liquid was eliminated in these experi- 
ments by water and air cooling systems. Furthermore 
the effects on the cells are different from those of heat 
alone. The harmful effects of the chemicals produced by 
cavitation, as H,O»2 and free Cl, cannot be responsible 
for the destruction at low intensities, since the concen- 
trations of all of the damaging substances is so low.‘ 

Purely mechanical effects seem to be the causative 
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Fic. 2, The variation of the threshold pressures necessary for biological destruction with the frequency. Within the limits of error this 


FREQUENCY IN KILOCYCLES 


is independent of frequency except at the lowest frequencies studied, where it rises to very high values. 


% E. Ackerman, Rev. Sci. Instr. 22, 649-651 (1951). 


*Flosdorf, Chambers, and Malisoff, J. Am. Chem. Soc. 58, 1069-1079 (1936). 
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agents in the rupture of cells by cavitation. A detailed 
discussion of the motion of a liquid near a cavity in an 
ultrasonic field’ shows that intense shock waves may 
exist if the pressure amplitude exceeds one atmosphere. 
This condition is not met here nor do the results show 
the predicted variation with frequency. Nor can the 
observed thresholds be due to resonant bubbles at the 
lower frequencies, since bubbles of this size would be 
clearly visible. 

A simpler analysis® shows that the motion of the 
bubbles much smaller than the resonant size obeys the 
equation 


P= 3yPot/a. 


Thus, the particle displacement ~¢ is proportional to 
the pressure P and is independent of the frequency.’ 
If one of these bubbles were close to the cell wall, 
large displacement gradients would occur along the cell 
wall, which might break it. Figure 3 illustrates this 
type of effect. 

This type of mechanism accounts for the frequency 
independence from 0.4 to 500 kc, but does not predict 
a sharp threshold. The latter might be due either to 
the elastic limits of the cell walls or to some currently 
unknown property of the liquid. The failure to produce 
cellular disruption at low frequencies, similar to the 
decreased emulsification,? may be due to the cavities 
growing too big during one cycle. 


5 E. A. Neppiras and B. E. Noltingk, Proc. Phys. Soc. (London) 
64, 1032-1038 (1951). 

®F. D. Smith, Phil. Mag. 19, 1147-1151 (1935). 

7 is the ratio of the specific heats of the gas in the bubble. 
po is the average or hydrostatic pressure of the bubble. a is the 
average radius of the bubble. 

8 W. H. Pielemeier, J. Acoust. Soc. Am. 23, 224 (1950). 
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Fic. 3. The distortions of a cell wall which might be caused by 
an oscillating bubble near the cell. 


IV. SUMMARY 


Cellular breakdown due to cavitation was found to 
occur if the pressure amplitudes exceeded 0.30.2 
atmospheres from 0.4 to 500 kc. Throughout this range 
the action is probably due to extremely small bubbles 
which oscillate with the pressure field producing large 
displacement gradients in the cell walls. At lower fre- 
quencies, different effects occur which mask or eliminate 
the typical response to higher frequencies. 
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Computations have been made of the total beta activity of the fission products arising from the slow 
neutron fission of U**. A curve is given exhibiting the activity per unit fission, for time intervals after 
fission ranging from 0.01 second to 10 years. This influence function is compared with some published 
experimental! data and with the statistical curve of Way and Wigner. A curve of its integral as a function of 
the upper limit is also given. This latter curve facilitates estimation of the activity in the particular case 
where the fission rate has been constant throughout a known time interval. Finally, an influence function 
for the particular group of fission products consisting of complete and partial chains having volatile first 


members is given. 





I, INTRODUCTION 


HE total beta activity of the fission products of 
U*® produced by slow neutron fission has been 
computed by Way and Wigner.' They used a statistical 
method, assuming all nuclei to be given immediately 
by fission. The method loses contact with the fact 
that the decay is largely a chain process, the beta decay 
of one nucleus being the source of the succeeding 
nucleus. This sequence of procuction has the effect of 
giving a lower ‘initial activity than the statistical 
method indicates, and of tending to maintain that 
activity for a longer time after fission. It is true that 
all the nuclei are to some extent given immediately in 
fission, but the independent yields, at least for later 
members of any chain are known to be small.? 
This article attempts to arrive at a more accurate 
estimate of the total activity by fully taking into 


Taste I. An influence function for all fission products. 








(a) (b) 





B(t) by Eq. (3) B(t) by Eq. (10) 
t(min) B(t) (min) t(min) B(t) (min) 
6X10 6.427 X 1073 0 19.20 
1.210? 2.908 X 1073 10-4 19.14 
1.8 10? 1.879 X 10-3 3X 10-4 19.09 
3X10? 1.093 x 10-3 10-3 18.72 
4.2K 10 7.667 X 10-4 2x10-3 18.40 
6x 10? 5.261 10-4 5X10-3 17.30 
8.410? 3.610 10~* 10°? 15.60 
-1.14X 108 2.491 10-4 2107? 12.93 
1.44 108 1.842 10-4 3.5X 10 10.00 
2.88 X 108 6.920 10-5 5X107 7.965 
6X 108 2.852 10-5 107! 4.459 
1.584 10* 1.186X 10-5 2107 2.261 
4.32 10 4.360 X 10-6 3X10" 1.507 
6.48 X 104 2.788 X 10-* 1 4.513107 
” 8.64 104 2.058 X 10-* 3 1.496 107! 
2.16 105 6.391 1077 10 4.405 X 10-2 
5.256X 105 1.320 1077 2x10 2.145 107? 
1.577 10 2.471 10-8 4X10 1.017107? 
6x 10° 7.018 10 5X10 7.920X 10-3 
6X10? 4.554 10-” 6X10 6.427 X 10-3 











* This report is based on studies conducted for the U. S. Atomic 
Energy Commission under contract. 

1E.-P. Wigner and K. Way, Phys. Rev. 70, 115 (1947) and 
CC-3032. 

2 Glendenin, Coryell, Edwards, and Feldman, CL-LEG-1. A 
tentative explanation has been given recently by R. D. Present, 
Unclassified Report, MonP-235, January 13, 1947. 
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account the chain process and especially to obtain 
better values for the activity within the first hour 
after fission. 

If the fission takes place in a liquid media and the 
volatile products are, for instance, continuously 
removed by a stream of gas, it is of some interest to 
know the beta activity of the effluent gas. To this end, 
the combined activity of such complete and partial 
chains as have bromine, krypton, tellurium, iodine, or 
xenon for first members has been separately estimated. 
Tellurium has been included in the first members 
because it forms an oxide easily volatile at moderate 
temperatures. 

The half lives and yields were taken from a compila- 
tion of nuclear characteristics’ issued in 1946, and in 
particular the yields are the experimental ones when 
they are given; otherwise, the interpolated yields from 
the smoothed yield mass curve were used. 


Il. THE BETA CHAIN EQUATIONS 


As previously stated, all nuclei in every chain are, 
to some small extent, given immediately in fission. 
Current theories deriving the most probable Z in any 
chain, or in other words that nucleus in a given chain 
having the maximum fission yield, differ widely from 
each other. However, it seems generally agreed that 
the yield distribution as a function of Z for a given mass 
number falls quite rapidly from the most probable Z 
as one proceeds down the chain. In view of the above, 
it was decided for purposes of this computation to 
center the entire chain yield on the production of the 
first known number of the chain, all other nuclei being 
produced either by beta decay or isomeric transition. 

The decay within a single chain would then obey the 
following set of differential equations: 


dN ,/dt= —r,V; 
dN2/dt=\\Ni—dN2 (1) 
dN ;/dl=)z! Jo—A3WV3 

where N,(/), N2(t),---N,(t), etc., are the number of 


3 J. M. Siegal, J. Am. Chem. Soc. 68, 2411 (1946). 
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nuclei at time ¢ after fission and Aj, Ao,:+-A,, etc., are 
the reciprocal mean lifetimes of these nuclei. Now if all 
N,(0) except V,(0) are equal to zero, the equations have 
the well-known solution,‘ 





“ma Ades AE oe (2) 
eo  *— ke. 
N,(0) =1 II (Aj—A;) 
it 


Here V,A,/N,(0) is the rate of decay of the V, nucleus 
at time ¢ per nucleus of the first kind formed directly 
in fission. From this is obtained 





=> \—] 3 
j= A ; 
B a V0) | (3) 


where yu is the fission yield of the Ath chain and the 
double summation is taken over all chains and all 
radioactive members of each chain. B(¢) is the activity 
of all nuclei at time ¢ per unit fission of U*® at =0. 
It is properly designated the “influence function” for 
the rate process. 

Of course, in any actual measurement of activity the 
fission process must be extended over a finite period of 
time. It is necessary therefore to adapt the influence 
function to the real situation. This may be done in the 
following manner. 

Let the range of time 7 extend from —~ to 0 and 
that of time / from 0 to +, zero time being the point 
at which fission has ceased. Let the function R(r) 
represent the rate of fission of the U™* nuclei, assumed 
known and operative between r and zero, and let C(z, ¢) 
represent the total beta activity of the fission products. 
Then, if one considers the contribution to the activity 
at time ¢ caused by the decay of the fission products 
formed during the interval of time dr, it is clear that 


dC (r, t) 
————dr=B(t—1r)-R(r)dr 
C(r, = J B(t—7)-R(x)dr (4) 


C(r, =f i B(a)R(t—a)da. 


In many situations encountered in the laboratory, the 
fission rate may be considered a step function; that is 
to say, constant from time 7 to time zero, and zero 
elsewhere, in which case, 


C(r, t) t-r 
= J B(a)da, (5) 





where C/R is the 8 activity at time ¢ per unit constant 
fission rate extending from time 7 to zero. Note that 





‘H. Bateman, Proc. Cambridge Phil. Soc. 15, 423 (1910). 
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t (minutes) 


Fic. 1. An integral curve of the influence function 
versus time after fission C/R=fo'B(a)da. 


(t—7r)>t, + being a negative number. The integral 
Jo'B(a)da has been graphically computed and plotted 
as a function of the upper limit in Fig. 1, so that the 
activity per unit fission rate is reduced to taking the 
difference of the two ordinates at t—r and ¢. Data 
are given in Table V. 


Ill, THE COMPUTATIONS 


The computation of the influence function A(t) by 
means of Eqs. (2) and (3) over the interval from one 
hour to ten years, for all isobaric chains having yields 
greater than 0.8 percent, was completed. These are 
the chains with mass numbers from 84 to 105 and from 
129 to 150, inclusive. The contribution to B(/) that 
would be given by the remaining chains can be shown 
to be negligible. Isomeric transitions, wherever orbital 
electrons are emitted, were included. The computation 
was limited to intervals greater than one hour because 
of these reasons. First, the mean lifetimes of the early 
members of many of the chains, though known to be 
short, have not been even approximately determined 
and second, it was necessary to concentrate the entire 
chain yield on the first member having a known mean 
lifetime. The influence of the early members would not 
be significant‘after a period, say, of one hour. The 
results are given in Table Ia and Fig. 2. An influence 
function for that group of nuclei which are volatile 
or descend from a volatile nucleus is given in Table II 
and Fig. 3. 

Then to determine the influence function over the 
interval from zero time to one hour an entirely different 
method had to be adopted. It is clear that computing 
it by means of Eqs. (2) and (3) would not give reliable 
results. Completion of the 8(/) curve requires first the 
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Fic. 2. The influence function or the rate of beta transitions 
plus isomeric electron transitions per unit fission as a function 
of time after fission. 


number of beta transitions per fission, or what comes 
to the same thing, twice the average chain length. It 
would seem that this number could be obtained by 
simply estimating twice the average chain length 
directly from the table of fission products. When this 
is done, the value 5.65 beta transitions per fission is 
obtained. However, as will be shown below, the value 
can also be estimated either from the conservation of 


$F 5 552::: 


$444 
a am ¢ 


4t) (minetoes) 





J (minutes) 
Fic. 3. The influence function for volatile nuclei and descendants. 
Nuclei considered volatile are Br, Kr, Te, I, and Xe. 
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total charge or from a detailed consideration of a 
possible type of binary fission. Both these methods give 
values which are somewhat higher than 5.65 beta 
transitions per fission. The difference can be explained 
by assuming the existence of a few early members which 
have not, as yet, been detected. 

If the concept of total charge balance is used it is 
immediately apparent that the number of beta transi- 
tions per fission will be given by 

_! N 
|e. .-r——-w}, © 
A 98.5 42X98.5 


where N is the number of uranium nuclei which have 
undergone fission. Z4 is the charge number of the first 


TABLE II. An influence function for effluent gas 








B(t) by Ea. (3) 





t(min) B(t) (min) t(min) 8(t) (min~) 
6X10 4.619X 10-3 2.88 X 108 5.595 X 1075 
1.210? 2.394X 10-3 6X 108 2.044X 10-5 
1.8X 10? 1.611107 1.584 104 8.589 10-6 
3X10? 9.72210-4 4.32X 104 2.955 X 10-* 
4.2X10 6.992 10-4 6.48 xX 104 1.698 X 10-* 
6X10 4.878x 1074 8.64X 10+ 1.12710-* 
8.410? 3.350X 104 2.16 105 3.012107? 
1.14 108 2.283 X 10-4 5.256 105 9.11310 
1.44 108 1.659X 10~4 1.577 X 108 1.897 X 10-* 








stable nucleus in the Ath chain and y.« the percent 
yield of the chain. The factor }-y4/2X98.5= 191/197 
must be entered because only the chains having mass 
numbers 84 to 105 and from 129 to 150 inclusive are 
being considered. Also, since the sum of all the yields 
in the data*® used came to only 197 percent, it is neces- 
sary to enter the factor (298.5). The first stable Z 
and the yield for the above chains are listed in Table 
III. Equation (6) gives }:=6.084 beta transitions per 
fission. 


TABLE III. Beta transitions per fission.* 











A ZA YA A ZA YA 
84 36 0.8 129 54 1.1 
85 37 1.3 130 52 2.1 
86 36 2.0 131 54 3.4 
87 38 2.7 132 54 4.2 
88 38 3.7 133 55 4.8 
89 39 4.5 134 54 5.3 
90 40 5.0 135 56 5.7 
91 40 5.4 136 54 6.0 
92 40 5.8 137 56 6.3 
93 41 6.0 138 56 6.5 
94 40 6.3 139 57 6.5 
95 42 6.5 140 58 6.3 
96 40 6.5 141 59 6.0 
97 42 6.3 142 58 5.8 
98 42 6.0 143 60 5.4 
99 44 5.7 144 60 5.0 
100 42 5.3 145 60 4.5 
101 44 48 146 60 3.7 
102 44 4.2 147 62 2.7 
103 45 3.4 148 60 2.0 
104 44 2.1 149 62 1.3 
105 46 1.1 150 60 0.8 
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TABLE IV. Beta transitions per fission.* 

A of heavy nucleus 129 130 131 132 133 134 135 136 137 
Yield (percent) 1.1 y 3.4 4.2 4.8 5.3 5.7 6.0 6.3 
Smallest stable Z 54 52 54 54 55 54 56 54 56 
A of light nucleus 105 104 104 103 103 102 102 101 101 100 100 99 99 98 98 97 97 96 
Smallest stable Z 46 44 44 = 45 455 44 44 44 44 42 42.44 44 42 42 42 42 40 
Number of 8- emitted 8 6 4 5 7 6 6 6 7 5 4 6 8 6 4 4 6 4 
A of heavy nucleus 138 139 140 141 142 143 144 145 146 
Yield (percent) 6.5 6.5 6.3 6.0 5.8 5.4 5.0 4.5 a7 
Smallest stable Z 56 57 58 59 58 60 60 60 60 
A of light nucleus 96 95 95 94 94 93 93 92 92 91 91 90 90 89 89 88 88 87 
Smallest stable Z 40 42 42 40 40 41 41 400 40 40 40 40 40 39 39 38 38 38 
Number of 8~ emitted 4 6 7 5 6 7 8 7 6 6 8 8 8 7 7 6 6 6 
A of heavy nucleus 147 148 149 150 
Yield (percent) a7 2.0 13 0.8 
Smallest stable Z 62 60 62 60 
A of light nucleus 87 86 86 8 8 84 84 
Smallest stable Z 38 36 36 37 37 36 36 
Number of 8- emitted 8 6 4 5 7 6 4 








* b; =6.079. 


A second method, employed by Way and Wigner, 
starts by assuming a particular type of binary fission. 
Suppose each pair of uranium nuclei gives rise to four 
fission fragments, two of them heavy and two of them 
light, in a manner such that an excess of 2.5 neutrons 
per uranium atom are produced. The mass numbers of 
the heavy fragments are assumed equal, so, necessarily, 
the mass numbers of the light fragments are one unit 
apart. The fission scheme is shown in Table IV, wherein 
the double chain length, computed from the charge 
difference, is found in the sixth row. Using the yield per- 
cent as a relative probability distribution, the mean 
double chain length has the value 62.=6.079 beta 
transitions per fission. 

Taking the average of 5, and b2 and then adding 
0.071 transition per fission (representing the known 
number of orbital electrons emitted in isomeric transi- 
tion), one obtains 6=6.153 beta particles per fission 
occurring in the A chains. 

Then clearly, b= fo*B(i)dt, where a part of the 
integral, that from one hour to «, can be determined 
from the 6() curve. The part from one hour to 10? hours 
was determined graphically, and that part from 10’ 
hours to © when only three nuclei are contributing 


, Significantly, was determined by integrating the decay 


equation. The value 


f B(t)dt=2.415 
60 
was obtained, giving 
60 
b-2.415= 3.738 f B(t)dt. (7) 
0 


Now the double sum of Eqs. (2) and (3) can be 
be written, thus, 


B(t) =Zyalh fe(AaAo* + *Ae—1)Ase** JA 


then by rearranging the terms in the order of increasing 
X,, one obtains 


B= Lyfe 


A rough integral approximation of this sum is taken 
to be 














rr) 
a= [ g0)re*dlogr, (8) 
#1 
where 
2yifi 
g(Ai) = 
log (As41/As—1) 
TABLE V. The integral of the influence function 
for all fission products. 

t(min) JS0'B (a)da #(min) JS0'B(a)da 
10-3 0.0196 1.8X 108 4.8387 
210-3 0.0377 2.4X 108 4.9034 
5x10 0.0912 3.6X 10° 4.9822 
10 0.1735 4.8X 10° 5.0332 
2x10 0.3157 6X 10° 5.0716 
3.5X107 0.4863 9x 108 5.1401 
5x10 0.6202 1.2X 104 5.1914 
10> 0.9163 1.8X 10¢ 5.2662 
2x10" 1.2287 2.4X 104 5.3214 
3X107 1.4120 3.6X 104 5.3988 
1 1.9558 48X10 5.4530 
3 2.451 6X 104 5.4940 
10 2.987 9X 104 5.5655 
2x10 3.289 1.2105 5.6148 
4X10 3.579 1.8 105 5.6783 
5X10 3.669 2.4X 105 5.7181 
6X10 3.740 3.6X 105 5.7621 
9x10 3.890 4.8105 5.7857 
1.210? 3.992 6X 10° 5.8009 
1.8X 10? 4.139 9x 105 5.8224 
2.4X 10? 4.2349 1.2 10° 5.8352 
3.6X 10? 4.3661 1.8 10° 5.8511 
48X10 4.4581 2.4X 10° 5.8621 
6X10? 4.5287 3.6X 10 5.8778 
9x1 4.6517 4.8X 10° 5.8894 
1.2K108 4.7347 6X 10° 5.8987 
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A plot of g(A,) as a function of the points \,; is shown in 
Fig. 4. An examination of the points indicates the 
possibility of approximating g(A;) for short time 
intervals by a constant. This is more plausible if one 
considers the fact that only nuclei of large X’s are 
strongly active early after fission and that probably 
some nuclei of very short lifetimes have not been 
detected. For constant g, Eq. (8) gives simply 


(e™ — wat) 


B()=g , ? (9) 





which is finite at the origin and has a finite integral 
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Fic. 4. Distribution of g(A;) as a function of ,. 


between zero and 60 minutes. The constants were 
determined through these relations, 


60 
f B(t)=3.738, 8(60)=0.006427 min 


and d8(60)/di=0.000124 min~, 


where the last value was graphically determined from 
Fig. 2. They are: g=0.452, u,:=0.00267 min“, and 
u2=42.4 min. The final equation, assumed to hold 


AND W. J. 


HOUGHTON 


between ‘=0 and ‘=60 minutes is 


8(t)=0.452 





beta particles 
l 
-min“ fission. (10) 


Values of S(t) are given in Table Ib, the curve in 
Figs. 2, and the integral curve in Fig. 1. 


IV. COMPARISON WITH EXPERIMENT 


The complete 8(/) curve as calculated for the period 
from 0.01 second to 10 years is exhibited in Fig. 2. 
Shown also on the same sheet, for comparison, are the 
statistical curve of Way and Wigner,!' and the experi- 
mental curves of Moon and Hofmann,’ “Chicago,”® 
Hill and Lanzl,* and Knight and Brady.’ Since the 
early part of the Moon and Hofmann curve has been 
discredited by the evidence of Halpern and Moon, it 
is not reproduced here. 

In view of the frequently large and often unknown 
errors in the primary data used in the computations, 
better agreement of 8(/) with the experimental curves 
could scarcely be expected. For the same reason, no 
estimate of the probable error in the final influence 
function was attempted. 

The equation 6(t)=0.43¢-'*® beta particles-min™ 
fission—! approximates the calculated influence function 
throughout the interval from 10 seconds to 10 hours to 
within +10 percent. 

Careful examination of the §(/) curve discloses a 
rough periodicity in its slope for intervals greater than 
one hour. 
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Equivalent reactances of inductors and capacitors with moderate nonlinearity may be approximated by 
the usual linear expressions plus terms which depend on the square of the current. With the help of this 
approximation, the total impedance of an LRC circuit is obtained and plotted in the /-Z plane with frequency 
as a parameter. The current for any given frequency and voltage may be easily obtained from this plot by 
graphical means. This method gives an interpretation of the triple-valued frequency response curve in 


terms of circuit concepts. 





I. INTRODUCTION 


HE frequency response of an LRC circuit with a 
nonlinear reactance and the resulting “jump 
phenomena” have been extensively analyzed.! However, 
in most cases, such studies proceed directly from the 
differential equation with little reference to linear 
circuit concepts. The “jump phenomenon” at a single 
frequency has also been treated by adding graphically 
the characteristic curves of the linear and nonlinear 
elements.” 

The present paper gives a method of analyzing LRC 
circuits with nonlinear reactances, which employs the 
concept of impedance and thus parallels linear circuit 
treatment as far as possible. A simple graphical method 
for obtaining the frequency response curve is presented. 
It is hoped that this will be helpful in giving a physical 
picture of the jump phenomenon. 


Il. GRAPHICAL METHOD 
1. The I-Z Plot 


The basis of the graphical method is to consider the 
circuit in the J-Z plane. Assume a constant applied 
voltage V;. Then 


IZ= V,=constant. 


Obviously, this gives the equilateral hyperbola shown 
by the dashed line in Fig. 1; the current varies inversely 
with impedance. Now consider a particular linear 
circuit with fixed angular frequency w:. The impedance 
will be a constant as represented in Fig. 1 by the solid 
horizontal line, which intersects the hyperbola at P. 
Thus the current J; is obtained with voltage V; and 
frequency w;. This approach seems awkward for linear 
circuits, but can be used to advantage for nonlinear ones. 


2. Nonlinear LC Series Circuit (Cubic 
Approximation) 


For moderate nonlinearities, the characteristic curves 
of reactances may be approximated by cubic equations; 





_ | See, for example, J. J. Stoker, Nonlinear Vibrations in Mechan- 
ical and Electrical Systems (Interscience Publishers, Inc., New 
York, 1950), Chap. IV. 

*C. G. Suits, Toone, Am. Inst. Elec. Engrs. 51, 914 (1932); 
C. M. Summers, Trans. Am. Inst. Elec. Engrs. 59, 273 (1940). 


under this assumption, it is shown in the Appendix, 
Eqs. (8) and (12), that the reactances of a nonlinear 
inductance and a nonlinear capacitor are, respectively, 


1 3yrP? 
Xe=—( 1+——- }, 
wC 2” 
(1) 
38P° 
X1=wL(1-— 


The total reactance of an LC circuit, X,— X¢, is thus 


1 3 Y 
ro(u-t)(aurt)n a 
wh} 2 wC 


At a fixed frequency this may be rewritten 





X=a—5bP, (3) 
View 
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3 \ 
s|_ \P Fixed Circuit 
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where a and b are constants which depend on frequency. 
The constant a may be termed the “linear reactance” 
and may be positive or negative. For most cases of 
physical interest (with no dc bias) B and y in Eq. (2) 
are positive, it follows that 6 in Eq. (3) will then be 
positive. 

If the reactance is plotted against current, the 
family of parabolas in Fig. 2 result. (While an inductor 
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is shown as the nonlinear element in Figs. 2-4, the 
curves are not plotted for a particular case, but are 
intended to apply qualitatively for any reactance of 
moderate nonlinearity.) wo is the “linear resonant 
frequency,” for which a=0. w_ denotes a lower fre- 
quency where a<0 and the linear reactance is capacita- 
tive, while w, shows a higher frequency with a>0 and 
an inductive linear reactance. 

Let us first consider a circuit of infinite Q. In this 
case 


Z=|X\, 


and the plot of Z against J in Fig. 3(a) can be obtained 
immediately from Fig. 2 by taking the mirror image of 
the negative portions of the parabolas. Three frequencies 
of the type w, are shown with w;>we>wi>wo. An 
equilateral hyperbola representing a given applied 
voltage V may be drawn as in Fig. 1. Points of inter- 
section between this hyperbola and the various imped- 
ance curves give possible values of the current at the 
various frequencies with a fixed voltage V. For w_, wo, 
and w, the points of intersection are b, d, and e, respec- 
tively; the current is thus single-valued for these 
frequencies. However, w2 represents a critical frequency 
with two possible values of current, one represented 
by point g and one by point c where the hyperbola is 
tangent to the impedance curve. For higher frequencies 
there are three possible values of current; e.g., ws has 
the three points of intersection a, f, and h. 

The frequency response curve of J against w at 
constant V may now readily be obtained by replotting 
the points of intersection in the J-w plane; this is done 
in Fig. 3(b). It will be noted that points on the left 
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Fic. 3(a). Nonlinear series resonant circuit (infinite Q). 
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Fic. 3(b). Frequency response curve. 
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branch of the curve (6, d, e, g, and h) represent points 
of intersection in Fig. 3(a) where the slope of the 
parabolas is positive. These portions of the impedance 
curves were obtained when X was negative and was 
reflected on the J axis to give Z. Thus, the left branch 
of the frequency response curve is characterized by 
capacitative reactance. Conversely, it can be seen 
that the points on the right branch (a, c, and f) corre- 
spond to inductive reactances. Thus, the response curve 
may be considered as an infinite-Q linear response curve 
which has been bent over toward the right. 


3. Effect of Resistance 


Let us now consider a circuit of moderate Q; e.g., 
Q=10, (Q is defined as woLl/R). The impedance is, 
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Fic. 4(a). Nonlinear series resonant circuit (Q= 10). 
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Fic. 4(b). Frequency response curve. 


of course, given by 
Z= (R?+ X?)!. 


Thus, the curves of Fig. 3(a) where the impedance is 
a pure reactance may easily be corrected to take account 
of R. The new curves are shown in Fig. 4(a). In regions 
where X>R there is little difference between the two 
sets. However, the curves for finite Q pass through a 
smooth minimum at Z=R instead of having a sharp 
cusp at Z=0. (The frequency we in Fig. 4(a) is slightly 
lower than in 3(a); the change was made in order that 
we Should still be a critical frequency. One additional 
frequency w4>ws3 has been included. Other values of 
w are the same in both figures.) 

The hyperbola representing V may now be drawn and 
the response curve found as in the previous example. 
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The result is shown in Fig. 4(6). The lower parts of 
this curve are similar to the infinite-Q case, but it 
reaches a maximum value of V/R near the point 7. It 
may be regarded as a linear response curve for finite Q 
bent over to the right. Thus, it is not surprising that 
the tripled-valued region is limited to w2.<w<w, instead 
of extending out indefinitely. This can also clearly be 
seen from Fig. 4(a). 


4. Unstable Region 


The portion of the curve between points d and 7 in 
Fig. 4(b) is unstable. Consider the point / with fre- 
quency ws; and assume a slight increase in current. 
Figure 4(a) shows that the impedance curve then drops 
below the voltage hyperbola; i.e., the impedance of the 
circuit is less than that required to maintain a con- 
stant current with the applied voltage V. Consequently, 
the current may be expected to increase until the next 
point of intersection at 7. Similarly, a slight decrease 
in current should send it to point }. At points b and i 
the opposite situation holds, i.e., the impedance curve 
rises above the hyperbola for a slight increase in current. 
Thus the equilibrium should be unstable at / and stable 
at b and 4. (This argument is not completely rigorous 
since it considers only the amplitude of the current 
and ignores phase.) Similarly, in Fig. 3(b), the right 
branch of the response curve is unstable above point c. 


5. Critical Voltage 


If the value of the applied voltage is decreased, the 
corresponding hyperbolas move in closer and closer to 
the axes. For small V the slope is still very steep at 
point P where Z= R. Figure 5 shows this situation for a 
voltage V’ much less than that of Figs. 3 and 4. In this 
region near the Z axis, the impedance curves have small 
slopes as is evident from the w; curve in Fig. 5. Ob- 
viously, the hyperbola can never intersect any 
impedance curves to the right of P. Consequently, we 
might expect that the frequency response curve is 
single-valued for a sufficiently small V. This conclusion 
is borne out in a graphical analysis of a given circuit 
and can be proved mathematically for the general case. 

Figure 6 shows a family of response curves for 
different voltages with Vi< V2<V3. Vi represents the 
case just discussed, a slight modification of the linear 
response curve. At the critical voltage V2 the linear 
response curve has been distorted just enough so that 
it has a vertical tangent on the right side. V3 gives a 
curve with a triple-valued region like that of Fig. 4(b). 


Ill. GENERAL APPLICATION OF THE GRAPHICAL 
METHOD 


The graphical method just described is not specifically 
limited to impedances which can be represented by a 
cubic expression such as Eqs. (1). It is only necessary 
to know the impedance curve (Z versus I) for a given 
nonlinear element at several appropriate frequencies. 
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Fic. 6. Frequency response 
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It may then be combined with linear elements, the 
impedance of the circuit calculated, and the graphical 
method applied as before. 

Thus, this method might seem to be the answer for 
all nonlinear circuit problems; but in reality it has 
serious limitations. If the nonlinearity is too large, the 
current will have a high harmonic content. Con- 
sequently, the ratio V/ZJ is not a true impedance 
measured at a single frequency. In this case, it cannot 
be combined with linear elements to obtain a good 
approximation to the impedance of the circuit. A dc 
component will introduce the same complications as 
higher harmonics. Thus, the method cannot be used 
without modification for an element with an asym- 
metrical characteristic or a dc bias. It will never give 
any information on the rectifying action of a nonlinear 
element. 

There is still an unanswered question as to what is 
meant by a “small nonlinearity.” For a capacitor, this 
means a requirement that the maximum voltage on 
the capacitor be small compared with its “saturation 
voltage”’; i.e., the voltage at which the charge reaches 
its maximum. (In dealing with experimental data it 
would be necessary to choose some arbitrary criterion ; 
e.g., the voltage at which the charge reaches 90 percent 
of its asymtotic value.) In a similar way, the current in 
a nonlinear inductor must be compared with its “satura- 
tion current.” It should be noted that the voltage 
across a given element or the current through it depends 
on the applied voltage V. Thus, the question of whether 
or not a circuit has a small nonlinearity depends not 
only on the circuit parameters, but also on V. 


IV. CONCLUSIONS 


The graphical method explained above should be 
capable of giving good quantitative results for small 
nonlinearities in a circuit and giving important 
qualitative information over a considerably greater 
range of nonlinearity. It is also useful in obtaining 
better physical understanding of the behavior of 
nonlinear circuits. 
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APPENDIX. APPROXIMATE EXPRESSIONS FOR 
NONLINEAR REACTANCES 


The characteristic curve of a capacitor with moderate 
nonlinearity may usually be approximated by the 
following cubic equation, 


=“ (1t9) (4) 


where ¢ and gq are the instantaneous values of charge 
and voltage. C may be termed the “linear capacitance”’ ; 
i.e., the capacitance as measured at small amplitudes. 
The coefficient y is a measure of the nonlinearity and 
will be positive in the usual physical case (with no 
dc bias). 

Now, assume the current —/,, sinwt passing through 
the capacitor; the corresponding charge is (J,/w)coswt. 
Substituting this in Eq. (4) gives 


YL m 
c= cosat+ cos wt). (5) 
The term cos*w can be espressed by means of the 
trigonometric identity 


cos*# = 3 (3 cosé+cos36), (6) 


Using this identity in Eq. (5) and neglecting the third 
harmonic now yields 


Bus Syl ne 
c= —(14 ) coset (7) 
wC 4u)? 


The reactance is given by the ratio E,,/Im. The term 
I,? is replaced by 2J*, where 7 is the rms value of 
current. Thus 





xP 
Kea (14 ; (8) 


If the third harmonic term can be neglected (which is a 
reasonable approximation over a moderate range of 
nonlinearity), Eq. (8) gives an equivalent linear 
reactance for the nonlinear capacitor. The reactance is, 
of course, a function of J. 

A similar expression may be derived for the reactance 
of a nonlinear inductor. Let the flux linkages N@ be 
represented by 


No= Li(1—B?). (9) 


In the usual case (with no de bias), 8 will be positive. 
Assume a current J, coswt. Making use of Eq. (6) and 
again neglecting the third harmonic gives 





3BI 2 
No=LI,(1- : ) coset (10) 


The voltage is now readily obtained as follows: 





d 3BI ms? 
e=—(NO)= ~oLIa( 1- ) sina (11) 
dt 4 


As in the previous case, the reactance is given by 
En/Im with I,,? replaced by 27*. The result is 


36P 
Xy=al(1-— . (12) 


It may be of interest to give the differential equation 
of the LRC series circuit described, even though this 
expression is not used explicitly. Let the applied 
voltage be E,, coswt. The voltages across the capacitor 
and inductor are obtained from Eqs. (4), (9), and (11). 
When written in terms of g, the equation is then 


L4(1— 3847) + Rit (11g) = Em coset (13) 





Lecture at Edsel B. Ford Institute 


Dr. James Hillier will give the second annual Edsel B. Ford Lecture at the Edsel B. Ford Institute for 
Medical Research, The Henry Ford Hospital, Detroit, Michigan on the evening of December 8. His subject 
will be, “Some results of the application of electron microscopy to medicine.” The lecture will be descriptive 
of two of Dr. Hillier’s latest contributions in the field, (1) the ultrastructure of the plasma membrane of 
human erythrocytes and (2) the division of bacterial cells as revealed by ultrathin sectioning techniques. 
The methods and techniques as well as the medical application will be of high interest not only to the 
medical profession but to research men in industry, university, and hospital. During the afternoon of 
December 8th Dr. Hillier will lead a discussion on “Electronic devices in biology and medicine.” 
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Observation of Shock Formation and Growth* 
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Transient one-dimensional flows have been produced by accelerating a piston in a gas-filled tube. Accelera- 
tions of the order of 2.5 10* m/sec? produced shocks within 5 m of the initial piston position. The piston 
was propelled pneumatically. Shocks formed at the head and in the interior of the compression waves. By 
optically detecting the piston and shock positions and recording the corresponding times on a rotating 
drum chronograph with microsecond accuracy, the properties of the compression wave and resulting shock 
were determined. The formation and growth of shocks were calculated from the compression wave measure- 
ments using the method of characteristics and the assumptions employed by Chandrasekhar and Friedrichs. 
The observed and calculated shock properties were in reasonably good numerical agreement. Consistent 
lagging of the observed behind the calculated shock positions (order of 0.05 m at 5 m from initial piston 
position) is attributed to the interaction of the flow with the tube walls. 





I. INTRODUCTION 


HE changing form of finite waves propagating in 
gases was studied extensively in the nineteenth 
century. It was predicted mathematically that con- 
tinuous compression waves are unstable and that, after 
some time, a violent phenomenon must occur at the 
head or in the interior of the wave. This prediction was 
verified by the observation of shock waves. Attention to 
shock phenomena has chiefly been directed since then 
to steady flows in which shocks are maintained, and 
only little attention has been paid to the mechanism 
whereby the shock grows out of a continuous wave. 
Theoretical treatments of shock formation and growth 
in a one-dimensional flow have been presented recently 
by Friedrichs' and Pillow;? similar methods were 
employed by Chandrasekhar® in the treatment of the 
closely allied problem of a shock “eaten up” by an 
overtaking rarefaction wave. 

In the experiments reported herein, continuous com- 
pression waves were produced in a tube by moving a 
piston, and the shocks forming and growing from the 
waves were measured. The results are compared with 
a flow theory of the type presented by the authors 
mentioned. 


Il. THEORY 


The complete description of the propagation of a 
finite disturbance in one-dimensional gas motion can 
be given within a limited space-time region by the 
method of characteristics.‘ The nonlinear character of 
the equations is responsible for the appearance of 
multiple solutions as they are extended in space and 


* Supported in part by Mechanics Branch, Office of Naval Re- 
search. This paper is an abridgement of a technical report sub- 
mitted to the Office of Naval Research. 

t Now at General Electric Research Laboratory, Schenectady, 
New York. 

1K. O. Friedrichs, Commun. Appl. Math. 1, 211 (1948). 

* A. F. Pillow, Proc. Cambridge Phil. Soc. 45, 558 (1949). 

+S. Chandrasekhar, B. R. L. Report No. 423, Aberdeen Proving 
Ground, Maryland, 1943. 

‘ For a thorough discussion, see Courant and Friedrichs, Super- 
sonic Flow and Shock Waves (Interscience Publishers, Inc., New 
York 1948). 


time. To the region of multiple solutions no physical 
meaning has been successfully attributed. The physical 
meaning of the limitation of the description is obtained 
by noting that, as the boundary of the region is ap- 
proached, velocity and temperature gradients become 
large without limit; since the physical conditions under 
which the equations are stated in the first place are, 
among others, the absence of friction and heat transfer, 
the large velocity and temperature gradients indicate 
the need of more complicated equations to describe the 
flow. 

The technique employed by Chandrasekhar, Fried- 
richs, and Pillow is to retain the continuous description 
of the flow by the characteristics method right up to a 
boundary, which is introduced starting at a unique 
point where the continuous description first becomes 
multiple-valued and which physically represents a 
shock, and to map out the region on the far side of 
the shock discontinuity by another continuous de- 
scription; the two regions of continuous description 
are matched across the boundary by the Rankine- 
Hugoniot shock relations even though these relations - 
are strictly valid only for a steady flow. The resulting 
problem appears to have a unique solution but its 
detailed solution is difficult even in rather simple cases, 
due primarily to the “floating” boundary the position 
and strength of which are among the unknowns sought 
in the solution. 

To illustrate, let us consider the particular problem 
of a piston accelerated in a determined way from rest 
into one end of a tube filled with gas at rest and in a 
uniform state. A continuous compressive disturbance 
will propagate down the tube ahead of the piston. The 
flow constituting the disturbance can be described by 
drawing in the x, ¢ plane straight lines (characteristics) 
with slope dt/dx=1/(u+-c). Here u is the gas speed and 
c the local sound speed. On any given characteristic all 
flow variables are constant including u, c, and u+c; 
these are related to the sound speed in the undisturbed 
medium ¢» by 


ut+c=cot (y+1)u/2, (1) 
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where 7 is the ratio of specific heats, assumed constant 
for the gas. Figure 1 shows the mapping of the flow 
field with the characteristics Cy*+, C;+, C2*, etc., which 
are drawn from the piston path (on which the values 
of u are known) with reciprocal slopes u+-c determined 
by Eq. (1). 

For increasing piston velocities the characteristics 
tend to converge. The intersection of two characteristics 
requires a new physical interpretation, however, since 
the values of flow variables which are different on 
different characteristics cannot exist at the same time 
at the same point in space. Following Friedrichs, we 
assume that a shock forms at the point where any two 
characteristics intersect. Once the shock forms, its path 
in the x, ¢ plane is calculated by choosing the shock 
speed U in such a way as to match gas and sound 
speeds on the two sides by the Rankine-Hugoniot 


relation 
uUu— Uy, 2 U-wy C1 
a 
C1 y+1 C1 U—u 









PISTON PATH 
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Fic. 1. Graphical description of a one-dimensional 
compression wave with shock formation. 


where #; and c,; are the gas and sound speeds ahead of 
the shock, and w is the gas speed behind the shock. 
The values of u, “, and c; are those associated with 
characteristics intersecting the shock on the two sides. 
The calculation can be carried out numerically in a 
step-by-step manner.® 

The step-by-step calculation is indicated in Fig. 1 
for a case where the shock forms at the head of the 
compression wave. The first intersection in this case is 


“$A serious complication arises in carrying out the calculation 
rigorously, since the characteristics behind the shock cease to 
be straight lines under the influence of signals generated upon 
interaction of the shock with the compression waves overtaking 
it and being overtaken by it. Also the common flow variables are 
no longer constant on the characteristics. Friedrichs (see reference 
1) shows that these signals are small for weak or moderately 
strong shocks and carries out calculations ignoring the signals. 
Pillow (see reference 2), in a second-order approximation, takes 
the effects of the interaction signals into account. The calculations 
carried out for comparison with experiments in this paper ignore 
the interaction signals in that straight characteristics are assumed 
right up to their intersection with the shock ; the shocks produced 
experimentally are all weaker than those termed “moderately 
strong” by Friedrichs. 
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that of the initial characteristic Co*+ and the one follow- 
ing, namely, C;*. The shock birth point is denoted by A; 
the shock speed U» at this point is calculated from Eq. 
(2) in which wu is characteristic of C;+ and mu; and ¢, are 
zero and ¢o, respectively. A point B indicating the next 
space-time position of the shock is determined by 
finding the intersection of the characteristic C,;+ and the 
line through A whose reciprocal slope is equal to the 
average of the shock speed at A, namely, Uo, and B, 


‘namely, U, by means of Eqs. (1) and (2); in this case 


u, and ¢; of Eq. (2) are again zero and co, respectively 
and w is characteristic of C2+. Once the x and ¢ coordi- 
nates of B and the shock speed there are found, the same 
procedure can be used to go from B to C, and so on. 

When the shock forms inside the compression wave, 
the procedure is similar but one must then resort to a 
trial-and-error method of matching the values of u, 
and c,; on characteristics ahead of the shock with the 
values required by Eqs. (1) and (2) in conjunction with 
a trial value of the position of B and the corresponding 
values of U and u. 


Ill. EXPERIMENTAL METHOD 
A. Production of Compression Waves 


Compression waves for the study of shock formation 
and growth were produced by accelerating a piston in 
a gas-filled tube. Piston accelerations of about 2.5-10' 
m/sec? were used, leading to shock formation at posi- 
tions about five meters from the initial piston position. 

The shock tube, shown in Fig. 2, is constructed of 
13 inch-diameter tubing of brass except for two sections 
of transparent Lucite where measurements on the piston 
and shock motions are carried out. The various sections, 
which are bolted together at flanges and sealed with 
“OQ” rings, are clamped to a heavy steel beam. Ahead 
of the piston detection section are a section of brass 
tube in which the processes leading to the formation of 
a shock occur, a Lucite section where the shock motion 
is observed, and another section of brass tube closed 
at the end in which the piston is allowed to come to 
rest against the compressed gas. Tubing behind the 
piston detection section is used in propelling the piston. 
In the arrangement of propulsion method A, the total 
length of tube is about 8 meters and in arrangement B 
the length is about 11 meters. 

The piston consists of two Neoprene cups mounted 
on an aluminum carrier; its total mass is about 50 
grams. The Neoprene cups serve as a gas seal and are 
so shaped as to prevent the piston from scratching the 
Lucite tubes. Dow Corning 200 silicone fluid of 50 
centistoke grade is used as a lubricant. 

In propulsion method A, the piston is held near the 
end of the piston detection section by means of a }- 
inch steel rod fastened to the closed end of the chamber. 
This rod is necked down so that it is about to break 
when pressure of the order of 275 psi is applied to the 
back of the piston. The motion of the piston is initiated 
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when the rod is severed by means of an anvil and cutter 
arrangement operating through gas seals in the tube 
wall. Contact between the cutter and rod and the 
severing of the rod provide electrical signals for the 
measuring and recording instruments. 

In method B, a conventional shock tube arrangement 
is used in which the piston is placed in the channel and 
a shock of initial strength about 2.5[(p— po)/po= 2.5], 
upon reflecting off the rear of the piston, increases the 
pressure suddenly to a value sufficient to produce the 
desired acceleration. Aluminum diaphragms are used 
and chamber pressures are of the order of 500 psi. 

The initial gas pressure ahead of the piston is atmos- 
pheric in all the experiments. 


B. Recording and Flow Measurement Equipment 


Aside from initial static measurements of pressure 
and temperature in the chamber and channel, measure- 
ments of the flow consist of position-time determinations 
on the piston and on the shock formed by the piston 
motion. 

The recording mechanism is a rotating drum chrono- 
graph with a sweep controlled by a 100-kc crystal- 
controlled oscillator. This instrument produces a time 
base by means of which time data may be recorded 
with an accuracy of about 1 microsecond in intervals 
of about 30 000 microseconds. The time data appear as 
pulses on a short persistence cathode-ray tube screen 
and are photographed on a 35-mm film in a drum rota- 
ting at 1800 rpm. 

The cathode-ray tube spot is intensified at the 
beginning of the experiment by means of an electrical 
initiating pulse and remains intense automatically for 
about 30 000 microseconds. If piston propulsion method 
A is employed, the initiating pulse is obtained when the 
cutter makes contact with the rod holding the piston. 
For piston propulsion method B, the initiating pulse is 
obtained when the shock, which will reflect off the rear 
of the piston, passes a pressure sensitive switch mounted 
in the shock tube wall. 

For obtaining the motion of the piston, the times at 
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Fic. 2. Arrangement of shock tube for two methods of propelling piston. 


which the piston passes twelve points at known dis- 
tances from the initial position are recorded by the drum 
chronograph. The arrival of the piston at the succession 
of stations is detected by allowing it to interrupt light 
beams which pass through the Lucite tube. The light 
beams are produced [see Fig. 3(a)] by limiting rays 
from incandescent sources with pairs of slits 0.25 mm 
wide. The beams are spaced at distances from the initial 
piston position known to within 0.1 mm and forming 
roughly a quadratic series; the beams are adjusted to 
be perpendicular to the axis of the tube. The light 
emerging from groups of slits is “piped” through Lucite 
bars to photocells. The electrical pulses generated in 
the photocells are differentiated and transmitted to an 
amplifier and clipper circuit where noise and pulses of 
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unwanted polarity are discarded. The pulses are then 
transmitted to the chronograph through a gate circuit 
during an interval of about 10000 microseconds, 
following which the pulses that indicate the shock 
motion, generated in a way to be described, begin to 
arrive at the chronograph. 

The gate is activated by a gate pulse generator 
triggered by an event connected with the initiation of 
the piston motion. The activation of the gate produces 
a pulse which is recorded by the chronograph. When 
propulsion method A is used, the severing of the }-inch 
steel rod causes the gate pulse generator to be triggered ; 
the pulse thus recorded indicates directly the initiation 
of the piston motion. For propulsion method B, the 
shock, shortly before incidence on the back of the 
piston, causes a shock detection station to trigger the 
gate pulse generator; the time from the recorded trigger 
pulse to the initiation of the piston motion is obtained 
from the known shock velocity and the separation of 
detection station and piston. 

The motion of the shock growing out of the compres- 
sion wave is recorded by determining the times of 
arrival of the shock at various positions along the 
tube. A system of nine optical-electronic shock detec- 
tion stations® is employed in addition to the one for 
trigger purposes already mentioned. These nine stations 
are adjusted to be 30.00+0.03 cm apart and their 
positions relative to the initial piston position are 
known to be about +1 mm. 

Each station [see Fig. 3(b) ] consists of an incan- 
descent filament lamp and three knife edges adjusted 
so that their edges lie in a plane which is perpendicular 
to the axis of the shock tube, the plane being parallel 
to the shock front which propagates down the tube. 
This arrangement prevents light from getting beyond 
the third knife edge when no disturbance exists in the 
shock tube. As the shock front passes the plane of the 
three knife edges, light which normally would fall on 
the third knife edge is totally reflected by the shock 
backward off this knife edge on to a Lucite bar which 
pipes light from three such stations to a photocell. The 
photocell produces a pulse which is transmitted to the 
rotating drum chronograph where it is displayed 
undistorted. 


IV. RESULTS 


Comparisons between experimentally observed shock 
phenomena and those calculated from the measured 
piston motions by the method described in Part II 
will be presented in detail for three selected cases and 
then a general summary of a larger group of experi- 
ments will be given. 


Case I 


For this case the experiment was carried out in dry 
nitrogen gas at a temperature such that the sound 


*R. J. Emrich, Princeton University, Department of Physics, 
Technical Report, Contract N6ori-105 Task II, November 18, 
1948. 
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velocity co was 353.9 m/sec. Piston propulsion method 
A was employed and the motion of the piston was such 
that the piston acceleration was a maximum initially, 
and the shock formed at the head of the wave. Due to 
the pressure increase in front of and a rarefaction wave 
developing behind the piston, the acceleration decreased 
as the piston gained velocity. Figure 4 shows the com- 
parison between the experimentally observed and 
theoretically calculated shock paths in the x, ¢ plane. 
In this diagram a rather small deviation, including a 
slight divergence, between the theoretical and experi- 
mental values is evident. Figure 5(a) is a comparison 
of the theoretically predicted and experimentally ob- 
served shock velocities as functions of time. The shock 
growth predicted theoretically is seen to be more rapid 
than that experimentally observed. 


Case II 


For this case the experiment was carried out in 
nitrogen gas with co= 352.7 m/sec. Propulsion method B 
was employed. In this trial the piston motion was not 
as simple as that of the case just described. When pro- 
pulsion method B is employed, a complicated interac- 
tion of the shock reflected from the rear of the piston 
with the cold front in the channel to the rear of the 
piston results in a second shock overtaking the back 
of the piston. This produces an increase in pressure 
which causes an increase in the piston acceleration. In 
this particular trial the piston underwent an increasing 
acceleration about 4500 microseconds after its motion 
was initiated. 

Figure 5(b) shows the curves of shock velocity as a 
function of time. As a result of the increasing piston 
acceleration, the shock, both predicted and observed, 
shows a marked increase in acceleration at about 17 000 
microseconds. Here too the observed shock is seen to 
grow less rapidly than predicted by theory. 
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Case III 


For this case propulsion method B was employed and 
the experiment carried out in air where co= 346.6 m/sec. 
Here again the piston underwent an increasing acceler- 
ation, this time at about 3000 microseconds after its 
motion was initiated. 

The plots of Fig. 5(c) show the observed and calcu- 
lated shock velocities as functions of time. The shock 
velocity (with respect to the shock tube) began high, 
decreased and then increased gradually. This appar- 
ently strange occurrence is caused by the shock forming 
in the interior of the compression wave and finally 
overtaking the head of this compression wave. It may be 
accounted for by realizing that the shock which has 
formed in the interior of the compression wave is 
growing in speed with respect to the medium in which it 
is traveling. However, in the process of overtaking the 
head of the compression wave, it moves into regions of 
decreasing gas velocity. Hence, the shock velocity 
decreases with respect to the shock tube until it over- 
takes the head of the disturbance in which it exists. 

Since the shock formed inside the wave, the calcula- 
tions for this case had to be carried out with the trial- 
and-error method, referred to in Sec. II, up to the time 
the shock overtakes the head of the wave. The calcula- 
tions indicate, actually, that a shock also forms at the 
head of the wave but that it is too weak to be detected 
with the experimental arrangement up to the time 
the two shocks merge. 

The three cases cited indicate that except for slight 
deviations the theory does predict the shock phenomena 
actually observed. They have been selected as typical 
and not peculiar illustrations of the types of flow we 
have been able to generate by piston motion. The 
general agreement between the theory and experiments 
and the extent of the deviations noted was found in a 
large group of trials. The results of these can be sum- 
marized by a different type of comparison that does not 
involve the rather laborious calculation of a shock 
path or velocity-time curve. 

The basis of the calculations previously carried out 
was that the flow field could be determined entirely by 
drawing in the x,¢ plane straight line characteristics 
carrying constant values of u, c, and u-+c. When the 
shock is at the head of the compression wave, the value 
of the reciprocal slope of the characteristic connecting 
a point on the piston path, for which the piston velocity 
is u, and a point on the shock path having a shock 
velocity U corresponding to « can be determined in two 
ways. First, from a measured value of U at a certain 
time and position the gas velocity u just behind the 
shock can be calculated by means of Eq. (2); the 
reciprocal slope of the characteristic is then determined 
by Eq. (1). Second, for the particular value of u related 
to the shock velocity under consideration, the position 
and time at which the piston had the same velocity is 
determined from the data on the piston motion; the 
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Fic. 5. Shock velocities—predicted from measured piston 
motions, and experimentally determined. (a) Piston acceleration 
continually decreases after initiation. (b) Piston acceleration in- 
creases at about 4500 microseconds after initiation. (c) Piston 
acceleration increases at about 3000 microseconds after initiation. 


reciprocal slope of the straight line connecting the 
points on the piston and shock paths is then readily 
calculated. 

Comparison of these two values of the reciprocal 
slopes as a function of shock wave Mach number ap- 
pears in Fig. 6. 


V. CONCLUSIONS 


The experiments are in reasonably good agreement 
with the approximate theory of shock formation and 
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Fic. 6. Reciprocal slopes of characteristics determined by 
Eqs. (1) and (2) (theory), and of straight lines joining points 
in the x, ¢ plane having the same gas velocity (experiment). 


growth described. Nevertheless the slight deviations 
which exist are in excess of the estimated experimental 
error. 

The primary errors occurring in the theoretically 
determined shock phenomena are due to uncertainties 
in the very early stages of the piston motion and possible 
erroneous values for the sound speed in the undisturbed 
medium. The effect of uncertainties in the initial por- 
tions of the piston motion was studied by calculating 
the shock formation resulting from piston motions 
varying by the extreme amounts of the estimated 
error. The variations caused deviations only in the 
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early stages of the shock growth. In the experiments, 
the shocks had always grown to sufficient strength by 
the time they were observed so that the deviations 
attributable to this cause were always considerably 
less than the observed deviation. The effect of the 
errors in sound speed, estimated to be within +0.5 
m/sec, is insufficient to account for the observed 
discrepancies. 

The consistent deviations between the theory and 
experiment are in a direction such as to be accounted 
for by the influence of the tube walls on the gas flow. 
While the effect of the tube walls on the flow cannot 
be readily evaluated, that on the sound speed has been 
determined in many experiments on the velocity of 
sound in tubes.’ For a tube of the diameter used in these 
experiments the sound velocity is of the order of 3 m/sec 
less than the values we have employed pertaining to an 
unbounded gas. The application of such a correction 
removes almost entirely the deviations noted in Fig. 4 
and part of the deviations noted in the comparisons of 
the shock velocities as functions of time (Figs. 5a, b, 
and c). It has been found at Lehigh University, in ex- 
periments with the shock tube, that the influence of 
the tube walls increases with increasing gas velocity. 
It is consistent with these observations that the*devia- 
tions indicated in Figs. 5 and 6 appear to increase with 
increasing Mach number of the shock. 

That the observed deviations cannot be attributed 
to the assumption that the shock does not influence the 
flow behind it is seen from the results of a calculation 
by Pillow.? These indicate that inclusion of the shock- 
compression wave interaction, neglected here, would 
predict even more rapid growth of the shock. 

The authors wish to express appreciation to Pro- 
fessors Walker Bleakney, C. W. Curtis, and A. H. Taub 
for many valuable suggestions and interest in the work 
described, and to Dr. J. H. McGinn and Messrs. A. 
Leeming and R. A. Shunk for their aid in designing 
and constructing apparatus. 


7 International Critical Tables (McGraw-Hill Book Company, 
Inc., New York, 1929); Vol. 6, p. 466. 
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Interferometric Studies of Supersonic Flows about Truncated Cones 
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Fringe shifts on interferograms of flows at M=2.45 about variously truncated 15° (half-angle) cone 
cylinders in free flight in a pressurized range have been examined for similarity of the flow fields, occurrence of 
scale effects, and convergence to conical flow. It was found that flows over similar objects with equal tip 
Reynolds numbers were similar and that convergence to conical flow occurred before the disturbance at the 
tip had been reflected the second time along characteristics to the body. Density distributions have been 
determined, and a number of comparisons have been made with theoretical predictions. 





1. INTRODUCTION 


PTICAL techniques for flow investigation have the 

advantages that they introduce no disturbances 
into the fluid and can yield almost instantaneous sur- 
veys of the flow field. Their principal disadvantage is the 
difficulty in making quantitative interpretations of the 
data. For example, density distributions can be obtained 
from fringe shifts observed on interferograms of axisym- 
metric flow fields, but the calculations are extremely 
cumbersome. Accordingly, in interferometric studies of 
axisymmetric flows not primarily concerned with den- 
sity, it would be a great advantage to be able to draw 
conclusions directly from fringe shifts. By an appro- 
priate form of plotting this has been done by the 
authors! for conical flow fields. The same type of plot has 
been employed in the present paper as a test for 
similarity of two distinct flow fields. 

From the experimentally determined forms of the 
drag coefficients of a series of similar truncated cones as 
functions of nose radius at fixed Mach number, Stein and 
Charters deduced that the flows around the heads of 
these objects could not have been similar. This con- 
clusion was supported by measurements of wave angles 
on spark photographs of these bodies in free flight. The 
dissimilarity was attributed to scale effects at the blunt 
tip. Interferometric investigations reported here, in 
which tip Reynolds numbers were varied by changing 
the density of the fluid as well as the dimensions of the 
tip, have reaffirmed the occurrence of those scale effects. 

Moeckel’ has proposed to calculate supersonic conical 
flow fields by starting from arbitrarily chosen charac- 
teristic initial data to satisfy the partial differential 
equations for three-dimensional flow, the boundary 
conditions at the surface of the cone, and the usual 
shock conditions. He assumes that at infinity this 
calculation converges to the desired conical flow. How- 
ever, his computed results for a particular case contain 
oscillations which do not damp out in the range of the 
calculations. Such considerations make it desirable to 
study the convergence of a perturbed conical flow 
experimentally. The available data on convergence of 





usar” Bennett, and Bergdolt, J. Appl. Phys. 21, 1226-1231 


* W. E. Moeckel, NACA Tech. Note No. 1849 (1949). 


perturbed nonconical flows may be of some interest in 
this connection. For a series of bodies of revolution with 
the same basic ogival head, modified by replacing the 
tip by tangent spherical caps of various radii, wind 
tunnel tests* show that the pressure distributions on the 
modified bodies rapidly converge to that in the unper- 
turbed flow. The present interferometric studies examine 
convergence in the fluid as well as at the surface. 


2. GENERALITIES ABOUT FLOW NEAR CONICAL 
AND BLUNT TIPS 


At high enough free-stream Mach numbers, in the 
absence of viscosity, the flow near the tip of a sufficiently 
slender cone cylinder at zero angle of attack will be 
conical and completely supersonic. That is, in the region 
(Fig. 1) bounded by the body, the attached conical 
shock wave, and a characteristic surface from the 
intersection of the cone and cylinder, density, velocity, 
and other flow functions are constant on rays emanating 
from the vertex. Now suppose the conical flow is 
perturbed by truncating the cone at a plane normal to 
the axis of symmetry. Then the shock wave will be 
detached and curved, there will be a locally subsonic 
region near the blunt tip, and the flow about the head of 
the body will no longer be conical. It has been con- 
jectured that despite this perturbation at the tip, the 
flow about a truncated infinite cone will eventually 
converge to the appropriate conical flow. However, this 
convergence cannot be uniform since the entropy at the 
surface will always have the value that corresponds to 
passage through a normal shock instead of that for 
conical flow. Thus, adjacent to the conical surface there 
will be a region where density, etc. will have steep 
gradients, though in a real fluid this will probably be 





Fic. 1. Flow near tip 


of a cone cylinder. oon 
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* F, von Borbely, Z. W. B. U and M No. 6057. 
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Fic. 2. Flow near tip of a truncated cone. 


obscured or eliminated by the viscous boundary 
layer. 

To return to the vicinity of the blunt tip (Fig. 2), the 
sonic line passes through E, where there will also be an 
expansion around the edge. The earlier characteristics in 
the expansion fan will end on the sonic line, but if the 
angle of the truncated cone is small enough, there will 
be a characteristic from E to the intersection A of the 
shock and the sonic line. If the angle is too large the 
characteristic from A to the body may intersect the cone 
at some other point Z. In either case, any modification 
of the shape of the body beyond E(£,) will leave the 
flow field ahead of the characteristic A E(A E£)) unaltered. 
Now consider two bodies obtained by different trunca- 
tions of the same cone cylinder. Let CD be the charac- 
teristic farthest upstream in the expansion fan from the 
corner C of the body with the larger truncation (Fig. 2a). 
Let C’D’ be the corresponding characteristic in the flow 
about the other body (Fig. 2b). Then the flow fields 
bounded by SVECD and S’N’E’C’D’ will be similar, 
i.e., at homologous points the densities, velocities, etc., 
will be equal, disregarding the effects of viscosity. 

If one beam of a Mach-Zehnder interferometer passes 
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Fic. 3. Typical interferogram (21 percent truncation). 
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through a conical flow field, then in the resulting fringe 
pattern 5/z is constant on lines y/z= constant, where 4 is 
the fringe shift at the point (y,z) in a Cartesian 
coordinate system with origin at the image of the vertex 
of the cone. Hence plots of 5/z versus y/z must collapse 
into a single curve for conical flows. For a truncated 
cone this is no longer the case. However, if the perturbed 
conical flow converges to the unperturbed flow, then 
with increasing z the points in a plot of 5/z versus y/z 
should tend to collapse into a single curve, namely, that 
for conical flow. Finally, if interferograms of the flows 
around two truncated versions of the same cone are 
examined, plots of 5/z versus y/z for corresponding 
traces z=constant must coincide if the flow fields are 
similar along these traces. 

A crude idea of the significance of the similarity and 
conicity tests can be formed as follows. In axisymmetric 
flow one has 


Vwlz 


$/2= 2K) f (o/pr—1) (#@—y*/2)—Madr. 


ule 


Suppose that data on two traces are to be compared. 
For any y/z denote by Aé and A(p/pi—1), the differences 
in the values of 6 and p/p,—1. Let A(p/pi1— 1) = c(y/z, 2) 
X (p/pi— 1). Then one has 


Ywlz 


A(8/2)= 2K f c(p/p:—1) (@—y*/2?)-“hdt 


ylz 


or A(é/z)/(6/z)=c*(z) for some mean value c*(z) of 
[A(p/pi—1) ]/ (p/p1— 1). Hence, for comparisons be- 
tween data from two traces the relative differences in 
reduced fringe shift are roughly equal to the relative 
differences in density. 


3. EXPERIMENTAL DETAILS 


Supersonic flows were produced by firing truncated 
cone cylinders with an average Mach number of 2.45 in 
a small enclosed range.‘ The basic projectile consisted of 
a cylinder of 0.030 in. diameter with a conical tip of 15° 
half-angle. The cones were truncated by removing 0, 1, 
2, 3, 4, or 6 mm of the tip (roughly 0, 7, 14, 21, 28, or 42 
percent of the nose length). No pains were taken to 
make models with unusually smooth surface finishes; 
tool marks were clearly visible under small magnifica- 
tion. The projectiles were spin stabilized, the twist of the 
rifling of the gun being 0.0375 turn per caliber. Veloci- 
ties were measured by 1.6-Mc counters triggered by 
photocells when the projectiles interrupted a thin sheet 
of light. 

The light source employed was a spark produced by 
discharging through a mercury BH6 tube a 0.07uf 
capacitor charged to 13 kv. Since the duration of the 
spark was on the order of Sysec, during which the 
projectiles moved about 4 mm, their images were 
stopped on the film with a rotating mirror. For some 


* Bergdolt, Greenwald, and Sleator, Phys. Rev. 76, 879 (1949). 
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interferograms a band about 55A wide centered at the 
4353A mercury line was isolated with a slit and a CS, 
liquid-filled prism. For others a 75A band at the 5461A 
line was selected with a multiple layer interference filter. 
The effective source was a 0.030 by 0.187-in. slit, less 
than half the size permissible, according to a criterion® 
for the production of two-hundred clear fringes across 
the interferometer’s 1.625 by 1.875-in. elliptical field. 
Actually, graininess of super-ortho-press film has re- 
stricted the number of fringes to about three per mm. In 
some cases, in which it was not planned to determine 
density distributions, even broader fringes were used for 
the sake of increased contrast. 

Figure 3 is a typical interferogram obtained during 
these experiments. The angle of attack in this projection 
can be determined approximately from yawing cone 
data® by measuring the angle between the mean lines of 
the projectile and the shock. In all cases the yaw was 
less than 1°. Fringe shifts were found by extrapolating 
the undisturbed fringes into the disturbed region. 
Measurements of fringe location as a function of radial 
distance from the axis were performed on a toolmaker’s 
microscope. Repeated settings on the edges of fringes 
with considerably poorer contrast than these have 
shown a probable error of about 0.01 mm. At a spacing 
of three fringes per mm this would correspond to an 
error of three percent in fringe shift. 





*F. D. Bennett, J. Appl. Phys. 22, 184-190 (1951). 
*Z. Kopal, Tables of Supersonic Flow around Yawing Cones 


(Massachusetts Institute of Technology. Cambridge, Massa- 
chusetts, 1947). 


4. DISCUSSION OF RESULTS 


All fringe shift data have been presented in the form 
of plots of 5/z with z axis on the axis of symmetry. To 
establish a basis for interpreting truncated cone data, 
measurements from three widely separated traces for an 
untruncated cone were used to determine an experi- 
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mental mean curve. The three sets of data shown in 
Fig. 4 agree closely with each other and with a curve 


TABLE I. 








Nominal mm truncation 


0 


1 


2 


3 


4 


6 





Mach No. +0.02 


2.45 


2.46 


2.42 


2.48 


2.47 


2.44 








obtained by linear interpolation between theoretical 
fringe shifts.? By contrast with the scattered points in 
Fig. 10 for a seven percent truncated cone for which the 
flow near the tip is definitely nonconical, Fig. 4 shows 4 
very strong tendency toward conicity. 

Figures 5 to 7 compare data at a nominal Mach 


7 J. H. Giese, Ballistic Research Lab. Report No. 793 (1952). 
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number of 2.45 for 7m (n=0, 1, 2, 3, 4, 6) percent 
(=nmm) nominally truncated cone cylinders. Table 
[ lists the actual test Mach numbers. The change 
in fringe shift due to a variation of Mach number 
from 2.4 to 2.5 can be estimated as follows. The 
theoretical fringe shift’ at the surface of a 15° (} angle) 
cone increases by about 2.5 percent. Furthermore, the 
density ratio at a normal shock leads to an increase of 


Reduced Radial Distance, Y/Z 


about five percent in (p2/p1)—1 and about twenty-five 
percent at an oblique shock inclined at 30° to the 
undisturbed flow. Since (p2—p:) is a factor in the 
integrand of the fringe shift integral, there should be an 
increase of five percent near the blunt tip, and about 
twenty-five percent near the approximately conical part 
of the shock. In Figs. 6 and 7 all data except those for 
six-mm truncation agree to within these limits. Hence 
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the flows about the first four truncated cones will be 
closely similar to each other but dissimilar from the 
fifth. In this connection, note that the shock wave for 
six-mm truncation is very nearly similar to the rest in 
Fig. 5. This reconfirms the well-known result that shock 


Y/Z 


shape is insensitive to changes in body shape, or from 
the computational point of view, that small changes in 
shock shape can produce considerable changes in the 
flow. 

The dissimilarity and disagreement in Figs. 6 and 7 
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is to be expected since the scales of these flows are 
different, with Reynolds numbers (based on tip diame- 
ter) of approximately 3X 10‘ per mm of truncation and 
per atmosphere in the undisturbed flow. Figures 8 and 9 
show the results of increasing the pressure levels to 1.5 
and 2 atmospheres for four- and three-mm truncations, 
respectively, to produce the same tip Reynolds numbers 
(1.8 10°) as for six mm at one atmosphere. This is 
another clear demonstration of the need for equal 
Reynolds numbers to produce similar flows about 
similar bodies. In this connection the close similarity in 
Fig. 5 between the shocks for six-mm truncation at two 
atmospheres (tip Re 3.6X 10°) and a cylinder (14.7-mm 
truncation, tip Re 4.4 10°) should also be noted. 

In the real flow about a truncated cone the edge of the 
blunt tip is rounded off by a boundary layer. Under the 











(a) (b) 


Fic. 12. Reflections of characteristic from tip. 


influence of the adverse pressure gradient beyond the 
edge the flow separates from the body and then becomes 
attached to the cone farther downstream. In passing 
around the edge the flow turns too far, overexpands, and 
a second shock, visible in Fig. 3, appears slightly beyond 
the edge to correct these conditions. The bumps on the 
curves in Figs. 6 to 11 correspond to regions of increased 
density between the main detached shock and the shock 
from the edge. Near the surface the fringe shift is lower 
than for the untruncated cone. For this reason, and also 
to compensate for the increased density at the bumps, 
the density near the surface must actually be lower than 
for the untruncated cone. This is confirmed in the 
isopycnal charts, of which Figs. 13 to 15 are typical. Of 
course, this is just a consequence of the expansion at the 
edge of the tip. 
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Fic. 13. Isopycnals for cone cylinder. 
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Figures 10 and 11 show the convergence to conical 
flow. A crude estimate of the rate of convergence can be 
based on the following considerations. The disturbance 
at the edge A of the tip in Fig. 12a is propagated along a 
characteristic to B on the shock, reflected along another 
characteristic back to the cone at C, thence to D, E, etc. 
Since the flow fields are sensitive to small changes in 
shock shape, conditions at A may noticeably affect 
those at C. If the reflected disturbance at C is strong 
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Fic. 15. Streamlines and sonic line for truncated (42 percent) 
cone cylinder. 


enough, it may affect D, etc. To estimate the locations 
of B, C, D, E, etc., the characteristics in a Taylor- 
Maccoll flow were considered (Fig. 12b). From ENIAC 
calculations it was found that for a 15° (half-angle) cone 
at M=2.45, OB’/OA'=2.62, OC’/OA'=3.87, OD’/OA’ 
= 10.2, OE’/OA’= 15.0, etc. Since in Fig. 10 convergence 
has certainly not occurred at the cone at four truncation 
lengths, the first reflection back to the cone has a 
noticeable effect. At the shock convergence seems to 
occur somewhere between eight and eleven truncation 
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lengths, so the disturbance at C has died off before 
reaching D. If it is agreed that the convergence at the 
shock is satisfactory at eight truncation lengths, then 
convergence should occur at the cone in 8X3.87/2.62 
= 11.6 truncation lengths. Actually, the data for eleven 
truncation lengths are quite close to convergence. As a 
matter of fact, since the fringe shift curve for this trace 
is below that for conical flow, | the densities on this 
trace must also be lower than those for conical flow. 

It must be admitted that vpn Borbely’s pressure 
measurements’ show much faster:convergence than that 
exibited in Fig. 10. For models with either spherical or 
plane tips, the perturbation in his pressures dies out 
before even one reflection from the tip to the shock and 
back to the body could have occufred. The authors have 
not been able to explain the distrepancy between von 
Borbely’s and their results. 

Density distributions for these|flows were determined 
from the interferograms by a method described else- 
where.* Some of the corresponding isopycnal charts 
appear in Figs. 13 to 15. A few comparisons can be made 
with theoretical predictions. In the first place, near the 
shock waves there are regions of en density gradients, 
corresponding to the bumps on the fringe shift curves. 
Near the truncated cones the densities are lower than at 
the unmodified cone, in agreement with the depression 
of the fringe shift curves at this end. Secondly, for a 15° 
cone cylinder moving at M=2.46 the theoretical values 
of p/p: are 1.32 on the conical part of the shock; 1.52 on 
the cone; and 0.76 after the expansion around the 
corner. Figure 13 checks the first two values to within 
three percent, the last to about twenty percent. 
Thirdly, consider Fig. 15 which corresponds to the 
largest truncation, for which conditions at the tip could 
be most accurately determined. At M = 2.44 theoretically 
p/p:=3.26 at a normal shock. According to Fig. 15, the 
experimental value must be between 3.20 and 3.40, an 
error of less than 4.3 percent. At the stagnation point 
the calculated p/pi:=3.71, the measured p/p,=3.62, an 


8 Bennett, Carter, and Bergdolt, J. Appl. Phys. 23, 453-469 
(1952). 
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error of 2.5 percent. Just ahead of the junction of the 
cone and the cylinder p/p:=1.20. Expansion through 
15° leads to p/p1=0.67 in comparison to the measured 
0.70. At the edge of the tip, in the absence of viscosity 
the flow should be sonic with p/pi:= 2.35, and expansion 
through 75° should yield p/p,;=0.05. Actually, the sonic 
density occurs downstream from the edge. Since the 
boundary layer rounds off this edge, the flow will have a 
chance to be deflected before it attains sonic speed. To 
make an estimate of the amount of deflection, density 
distribution on a sphere® and spark photographs of flows 
around spheres’ were consulted. On a 0.25-in. diameter 
sphere moving at M=2 the sonic density ratio occurred 
at a point where the flow on the surface had turned 
about 50° away from the tangent plane at the stagnation 
point. Ona spark photograph of a ;-in. diameter sphere 
moving at M=2.39 wavelets first appeared when the 
flow had been deflected about 40°. If it is assumed that 
the supersonic part of the real flow around the corner is 
still approximately a Prandtl-Meyer flow, then to 
expand to p/p:=0.50 attained nearby requires an addi- 
tional deflection of about 38° to M=2.45. Thus it 
appears that there is an expansion of approximately 
40°+-38°=78°, or an overexpansion of about three 
degrees. At M=2.45 an oblique shock inclined at 23.4° 
to the cone will deflect the flow three degrees to make it 
tangent to the cone. Similarly, to expand to p/p:=0.45, 
another possible value, would involve about 5.4° 
overexpansion to M=2.55, and an oblique shock in- 
clined at 21.7° to the cone would make the flow tangent 


‘to the cone. Rough measurements of the shock on the 


interferogram yielded values of 24.5° or 25° for this 
angle. 

Figure 15 for the 6-mm truncated cone also shows 
streamlines and sonic line calculated by use of the 
equation of continuity as described by Wood and 
Gooderum.” 


* A. C. Charters and R. N. Thomas, J. Aeronaut. Sci. 12, 468 
(1945). : 

1 G. P. Wood and P. B. Gooderum, NACA Tech. Note No. 2411 
(1951). 





Conference on Scientific Editorial Problems 


The second conference on Scientific Editorial Problems will be held December 27, 1953, at Boston, 
Massachusetts during the annual meeting of the American Association for the Advancement of Science. 
This meeting will be open to all interested persons. Outstanding speakers will discuss many phases of 
technical editing and publishing. Among those speaking will be W. Albert Noyes, Jr., editor of the Journal 
of American Chemical Society; Milton O. Lee, managing editor of American Journal of Physiology; and 
Joseph D. Elder, science editor of Harvard University Press. 
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On the Diffusion of Decaying Particles in a Radial Electric Field* 
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The diffusion of charged particles in the presence of a radial inverse-square electric field is difficult to treat 
in any general manner. It is possible, however, to treat steady-state radially symmetric flow in such a field. 
There may then be deduced, from the radial distributions obtained, a function, y, which provides an im- 
portant description of steady-state flow from a point source in the radial field. The important point is made 
that the function y obeys the differential equation adjoint to that describing time-independent diffusion in 


the given field. 


The physical problem treated is of specific interest to transistor theory, but it is hoped that some of the 
techniques used in treating the problem are of more general interest. 





I. THE PHYSICAL PROBLEM 


E are interested in the following problem. 
Positively charged particles enter an infinite 
diffusive medium at a point P. The particles diffuse in 
the presence of a radial inverse-square intensity electric 
field with its center at 0 and have a probability of decay 
in the medium described by a lifetime 7. S is a hemi- 
spherical surface of radius r, about 0, which absorbs all 
particles incident upon it (see Fig. 1). If J, particles per 
second are injected at P, how many per second will be 
absorbed at S? Equivalently, what is the probability, 
y, that a particle injected at P will arrive at S before 
being absorbed? Physically, we treat only the case in 
which J, is so small that space charge may be neglected. 


II. THE DIFFUSION EQUATION 


The diffusion of particles, with a lifetime 7 in a given 
medium, is governed by the continuity equation 


0 
—=—"—V-j+4(r, 2), (1) 


ot T 


where p is the probability density of the diffusing 
particles. Our source function, g, describes the number 
of particles per unit volume introduced into our 
medium at time ¢. The current density, 7, associated 
with the gradient of the density and any external field, 
€, is given by 


where D is the diffusion coefficient and wu the mobility, 
both prescribed constants. When (1) and (2) are com- 
bined, we have 


dp p 
a (pe)—-+9(r, 2). (3) 
t T 


If particles are injected into the medium at a constant 
rate J, at a source point r., the stationary distribution 


* The research in this document was supported jointly a the 
Army, Navy, and Air Force under contract with the Massa- 
chusetts Institute of Technology. 

+ Staff member, Lincoln Laboratory, Massachusetts Institute 
of Technology. 


of particles is determined by 


DV*p—nV- na Sa (4) 


T 

and the boundary conditions 
p=0 at the absorbing surface, (4a) 
p=0 ato. (4b) 


Fortunately, it is not necessary to solve Eq. (4) as it 
stands to obtain the probability y. The symmetry 
inherent in the problem may be employed to reduce 
its complexity considerably. If we deal with a radial 
current source and treat a one-dimensional, radial-flow 
problem, the quantity + will still be available to us since 
all points on the radial current source will have this 
same ¥. 

Our problem then reduces to the following simple 
form. The radial part of Eq. (4) is [remembering that 
V-e=0 when e= (€,/7”)u,! | 


dp 2dp weoldp p 


-——— — —-—-=(, (5) 


dr? rdr Drdr Dr 


The boundary conditions are that 


(a) p is to be zero at r,, the absorption point; 

(b) p will be continuous at a, the source point, but 
there will be a discontinuity in the first derivative of 
pata; 


e 
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(c) p will go to zero at ~. Thus, p will have the 
general form shown in Fig. 2. 
The quantity y we seek will be given by 

















Op 
r2—l\r, 
I abs or 
Ie Op|a+ 
a?2— 
or |a- 
If we introduce the notation 
Dr=P s=r/l 1./l=rt,, 7) 
A=e/D; p(r)=pLs] ao/l=Qo, 
Eq. (5) is simplified to 
ip 2dp Xdp 
np nan ——— gas 0), (8) 
ds* sds s?ds 
Finally, r—n/2F] 
exp| —A/2r 
eLr j= g(r) (9) 
r 
puts Eq. (8) in the form 
d*g(r) »? 
. (1+—)a0. (10) 
dr? 4r4 


The boundary conditions governing g are the same 
as those for p, and y may be found from it, as is easily 
seen by 


r, expl —A/2r, ]dg/dr| tr. 


a* 





Y (11) 


a exp[ —A/2a ]dg/dr 





Equation (10), disturbingly, has no simple analytical 
solution with which one can work. If one had to obtain 
2 solutions of Eq. (10), combined properly to satisfy 
the boundary conditions, in order to get the quantity 
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y, one would be unhappy indeed. Fortunately, and 
surprisingly, y may be found from one solution only— 
that which becomes infinite at the origin and goes to 
zero at infinity. 


Ill. ANALYTICAL EXPRESSION FOR y IN TERMS OF 
THE DECAYING SOLUTION 


The equation g’”=[1+ (A*/4r*) ]g has two types of 
solution, gr and gy, with behavior as shown in Fig. 3. 
There will be suitable linear combinations of these in 
regions A, B, ga, and gz. Specifically, to satisfy the 
boundary conditions we must have 
































g1(To) 
ga=gi(r)— gi(r), (12a) 
g11(To) 
g1(a) _ g1(To) 
a 
guetta ao, (12b) 
g1(a) 
then g1r(a) 
[ ag! Og | 
or To ar to 
fs) lee @ Oga 
bs ie Be (13) 
Or\a- Or \a Or \a 
y a 
gx(te)L grr’(a)gr(a)—gr’(a)gix(a) J 





But the expression in brackets is equal to one, because 
the Wronskian of Eq. (10) is constant, i.e., 


d : 
oy ergtt — Bunge) = gigi” — Brig” 
r 


; x2 
= _ 1+— }=0. (14 
(gigi1 gugd)( + =) (14) 


We see, then, from Eq. (11), that 


_ To expl—/2to] gr(a) 
’ a exp[—)/2a] gr(to) 


The curve g(r) will give all y(r., a) for that particular 
\. Note that whether A is negative or positive corre- 
sponding to an attractive or repulsive field, the decaying 
solution with factor exp[|A|/2r—r] is our gn(r). The 
two cases are differentiated in getting y in Eq. (15). 





(15) 


IV. THE EQUATION FOR THE PROBABILITY FUNCTION 


It is rather surprising that only the decaying solution, 
gn(r), is required to evaluate y. The simple fact is that 
y obeys the differential equation adjoint to that describ- 
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DIFFUSION OF DECAYING PARTICLES 


ing time-independent diffusion flow, and the function 
with the proper behavior at infinity is singled out by a 
simple boundary condition. 

This may be seen in the following way. Continuity of 
probability requires that 


rea f oheal¥s Orato f jars, a)deda, (16) 


where p(r./r; t) is the distribution of particles at time 
‘ after all particles were known to be at fp, i.e., p(r./1; t) 
is the solution of Eq. (3), satisfying the initial condition 


p(r./r, 0) =8(r.—71). (17) 


Jn(re,t) is the normal component of the current 
density at the point 7, on the absorbent surface o. If we 
differentiate (16) with respect to the time and set 
‘=0, we have, remembering J,,(r7,, 0)=0, 


-Op 
J —(ro/r, 0)y(r)d7=0, 
at 


7 
Q;~™ rexp + Dy 







On ~ Fr exp |- A 
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or 


f | DV*8(ro— nV 8(re—re()]—8 


Xv (r)dr=0. 
When we carry out the appropriate integrations by 


parts, we find that we must have 


Y 
DV*y——+ue(r)-Vy=0. 


T 


(18) 


Conversely, when (18) is valid, Eq. (16) will be true 
for all time ¢. For 


p dp 
v(0)| Dvp—"—v. (0) |=) ten t). 


r 


If we now integrate both sides over r, keeping the 
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boundary conditions in mind, and then integrate from 
t=0 to t=1, we regain Eq. (16). 


V. EVALUATION OF g;,(r) 


We know the asymptotic behavior of g; near r=0 
and for large r. Near r=0, one will be small compared 
to \?/4r* until r is such that \?/4r7*= 1/16, say. Hence, 


gn(r)~r exp[A/2r], 0<r< (A/8)}, 
and similarly, 


gn(r)~exp[—r], (2A)#<r< “, 


so that a solution of the form 


gn(r)=G,(r) exp[A/2r—r], (19) 


with G, of the form shown in Fig. 4 is suggested. The 
basic problem here is to connect properly the two 
pieces we know, i.e., to find how the slope at the origin 
is related to the constant value reached. A suggestion 
of W. Frank solves this problem neatly. It may be 
seen that, if g(r) is a solution of Eq. (10), then rg(A/2r) 
is also a solution, and so is —rg(—/2r). For example, 


Yi ” 


ns (\/2r) J= gat 20)» (20) 
? 4r4 
=— 1+— ) 0/20) from Eq. (10), 
4r3 ? 


2 


= (1+) reov2n as needed. 
4r4 


Now, if g(r)=g1(r), then rg:(A/2r) may be seen to 
have the form gm(r) and, similarly, g(r) is thrown 
over into the form g; by this transformation. But the 
effect of —rg(—d/2r) is to throw a solution over into 
itself. Since this operation maps the tail of a function 
into its head and its head into its tail, so to speak, we 
are able to find out how head and tail are related. 
Specifically, 


Gy(r) exp[A/2r—1]= —8,G,(—d/2r)exp[\/2r—r]. 


8, is as yet an unknown constant of proportionality. 


G, (r) 








oe 
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Fic. 5. f,(r), A<O (attractive) against r. y,(ro, a) =f,(a)/fx(r0). 


G, must obey 
Gy (1) = — BxGy(—d/2r) = BxG (A/2r) (21) 


if, as we require, G(r) is odd. So, 





Gy(r)/r=ByGy(d/2r). (21a) 
Letting r—0 we have 
Gy’ (0)=BxG,( ), (21b) 
but 
G(A/2r) 
Gy(r) = B,A/2 ; (21c) 
\/2r 

Letting r>~, 

Gy (2 )=8(A/2)G,’ (0). (21d) 


Combining (21b) and (21d), we find that 6,= (2/d)}. 
The equation 


2\! A 
G(r) = (-) rox(—) (22) 
oN 2r 


also enables us to obtain a relationship valid in the 
middle of the transitional region, i.e., at that r for 
which \?/4r'= 1, i.e., c= (A/2)!. 

Differentiation gives 


23 
(d= (<) G)-G'(0, 
or 


1 
Gy’ (c)=——Gy (c). (23) 
(2)! 
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Fic. 6. f(r), A>O (repulsive) plotted against 7, the distance 
from the origin in units of the diffusion length. y,(ro, a) =f,(a)/ 


Sr(ro). 


Equations (22) and (23) may now be used as the 
basis of a numerical approximation to G(r). G is 
taken to be Gj=r up to r= (A/8)!. G is then approx- 
imated in the interval (A/8)'<r<(A/2)! by a cubic 
matched up to the second derivative at (A/8)! and 
satisfying Eq. (23) at r=c=(A/2)!. Beyond c= (A/2)!, 
G(r) may be found from the inversion formula, Eq. 
(22), and is seen to be the constant G,(r)=(A/2)! 
beyond r= (2d)!. It is nice to find that the curvature is 
also continuous at c. 

We can now plot 


‘ 
f(r) =— expLA/2r+ |d|/2r—1 JG (7), 
Tr 


and from the plot read 
f(a) 
fa(te) 


Some results are given in Figs. 5 and 6. 
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A Study of the Propagation Mode for Metallic Vapors in Shadow-Casting 
by Vacuum Evaporation of Au’ and Cr°!* 
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A special method is introduced for quantitatively determining the metal-evaporation mechanism using 
metallic gold and chromium tagged with pile-produced Au™* and Cr®!. This tracer method provides a 
powerful tool for the study of the distribution of minute amounts of the evaporated metal. Propagation and 
deposition of the vaporized metal are analyzed under a variety of conditions both in the normal evaporation 
process and for shadow-casting conditions. It is shown that crucible size and shape determine the evapora- 
tion-dispersion pattern. Computation of film thickness is by quantitative tracer methods with correlating 
observations by electron microscopy. Structure of these metal films correlates with observations by an 
earlier worker [R. W. G. Wyckoff, PSA Journal 13, 12 (1947) ]. The probable error of the method is +2 


percent. 





PURPOSE 


HADOW-CASTING for electron microscopy, intro- 

duced in 1944,' has remained essentially a refined 
science-art with some workers? determining film 
thickness by empirical formulas. While assuming the 
inverse square law coupled with the appropriate 
trigonometric function, these methods introduce a 
factor to compensate for efficiency loss and condensate- 
density differences. Williams and Backus give 0.75 for 
this factor.t This is not always satisfactory. Practically 
in a given setup, a rule-of-thumb is frequently applied 
in the shadowing geometry with one orientation chosen 
and experimentally verified to provide good shadows. 
Quantitative shadowing, consisting of the vaporizing of 
a known metal mass, assumption of perfect symmetrical 
radial dispersion, and calculation on this basis of pre- 
dicted condensate on the substrate, frequently results 
in actual film thicknesses in disagreement with predic- 
tion. The anomalous situation is encountered where 
films become opaque or disappear altogether with 
small reorientation of the crucible, or where good 
density (about 50 angstroms, chromium’) results from 
geometry which should produce a several hundred- 
angstrom thick film. While this anomalism stimulated 
this investigation, the experimental design and data 
obtained apply to all metallic evaporation phenomena. 


RADIOACTIVE TRACERS FOR THIN FILM ASSAY 


Familiar techniques used in film-thickness determina- 
tions including multiple-beam interferometry, inverse 
square law, 6-ray scattering and absorption, polarized 
light, electrical resistance, ultrabalance and x-ray 
absorption, all provided some argument against their 
utility in an evaporation investigation where apparent 


* Given in part, by the author at the National Meeting of the 
Electron Microscope Society of America, November 7, 1952, 
Cleveland, Ohio. 

'R. C. Williams and R. W. G. Wyckoff, J. Appl. Phys. 15, 712 
(1944) ; 17, 26 (1946). 

* R. C, Williams and R. C. Backus, J. Appl. Phys. 20, 98 (1949). 

(¢=0.75(M tanal0*/4rR?-D); Williams and Backus, 1948]. 

*R. W. G. Wyckoff, J. Phot. Soc. Am. 13, No. 12 (1947). 


film thicknesses from 0.1 to 10* angstroms must be 
assayed. Of the quantitative methods available, the 
tracer technique utilizing a tagged radioactive isotope 
of the evaporated metal was most promising. Uniform 
thin films of metallic Cr®', Au’8,* P®, and I'*! salts® had 
been produced by vacuum evaporation. The extension 
of this technic to a gross study of shadowing phenomena 
was obvious and attractive since it provides microstudy 
of film morphology by autoradiography. Tagged metal 
tracers have been used with Ba™' in emissivity studies.® 

Each isotope’s specific activity is reduced by a low 
neutron-flux special irradiation{ that simplifies experi- 
mental design and health-physics (Table I). The high 
specific activity of the Au'* quickly reduces to safe 
levels (below 100 mc/g) through its short half-life. 
Au" and Cr® provide both 8 and y radiation. Absorp- 
tion of weak, particulate radiation may be resolved by 
a self-absorption study’ in thick chromium films, or by 
a high-efficiency y counter of the TGC-8 type.§ Self- 
absorption corrections for Au'* are negligible due to 
high specific activity and thus very thin films, coupled 
with the extremely energetic §’s. In addition, self- 
absorption error is minimized by calibration standards 
of equal deposit density to the unknowns. 

These frequently used shadowing agents were chosen 
because they cover a wide range in isotopic and physical 
properties. High specific activity Au'®* permits small 
mass evaporations (to 100ug) and thus very tenuous 
films while low specific activity Cr® provides evapora- 
tion study of large nodules (to 20 000 ug). Gold wets the 
crucible at a low temperature while chromium at a 
higher melting point evaporates largely directly from 


‘L. E. Preuss (unpublished research). 

5 L. E. Preuss (unpublished research). W. H. Barnes and M. S. 
Lambi, Can. J. Phys. 29, (1951). 

6 J. H. Affleck and L. V. Holrod, B. V. Haxby and P. Wargo, 
and R. W. Peterson, St. Louis Meeting, American Physical 
Society, November 1952. W. F. Leverton and W. G. Shepherd, 
J. Appl. Phys. 23, 787 (1952). 

t Isotopes used herein are supplied by U. S. Atomic Energy 
Commission, Oak Ridge, Tennessee. Special irradiations are 
arranged through C. Crompton and J. Gillette, Isotopes Division. 

7J. J. Antal and A. H. Weber, Rev. Sci. Instr. 23, 424 (1952). 

§ Tracerlab, Boston, Massachusetts. 
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Fic. 1. Two condensation target types are mounted on the 
horizontal evaporation table with a 45° W crucible centrally 
mounted. 


the nodule. Other radio-isotopes of chromium and gold 
or other radio-contaminants are absent. 


SENSITIVITY AND CALIBRATION 


The sensitivity is illustrated by Au'®* with specific 
activity of 5.7 10*® counts/minute/mg. Evaporated on 
a 4.8 cm? disk target and counting 5.7 counts/minute, 
this condensate has an activity equivalent to a film 
1.1X10-" cm thick. With the atom diameter at one 
angstrom, only 10~ of the substrate is covered by the 
gold. This direct, nondestructive technic is applicable 
for film thicknesses embracing those found in the 
shadowing technique and well below the limit of the 
double-beam interferometer.® 

For standard calibration, Cr and Au" are dissolved 
in HCl and aqua regia, respectively, diluted to volume, 
aliquoted and dryed on planchettes identical to the 
copper targets, and counted under identical conditions 
of geometry and scatter. Antal and Weber’ have used 
ultrabalance film assay for this. Herein calibrations are 
expressed in counts/min/mg. A known standard at 
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each calibration corrected for G-M tube response and 
decade-scaler input-circuitry variables. Following cal- 
ibration, a known metal mass is subjected to vacuum 
evaporation, the vapor condensed on copper disk 
targets and assay done by the dry planchette method? 
against standards of about the same deposition density. 
Evaporations were below 10-*mm Hg from 7 turn 
0.025-in. tungsten wire crucibles with 0.005-in. spacing 
between turns. 30°, 45°, and 90° mandrils exactly 
reproduced the crucible form with a 0.035-in. aperture 
at the apex. 


EXPERIMENTAL DESIGN 


Two evaporation tables, horizontal and _ vertical, 
were used as reference planes in a 30 44-cm bell jar. 
Figure 1 shows the 14-cm table with 1-cm and 2.48-cm 
copper disk targets mounted on 6-cm supports which 
are oriented by concentric reference lines with the 
source at center, the crucible and target centers all 
being in the same horizontal plane. A conventional 
shadow-casting unit,|| with forepump exhaust vented, 
simulated the shadowing cycle. Silicone diffusion pump 
oil with 180° baffling was used with no cold traps. 
Heating current supply was a 110-vac input, variac- 
current-transformer series setup. One-inch glass disks 
and 2X10 glass plates were also used as targets. Type 
TGC-1 and TGC-8 G-M tubes and a decade scaler 
were used.§] Preliminary investigation showed for a 
probable error of +2 percent that no difference could 
be detected between clean copper, glass, and Formvar 
surfaces in their ability to condense the gold and 
chromium. Presumably, the quantitative target infor- 
mation may be extrapolated to the Formvar substrate 
used in electron microscopy. 

The critical crucible heating sequence was initiated 
at 10-°*mm Hg with the current held at 10 amp. 
Following temperature stabilization this was increased 
to 20 amp and similarly to 25 amp and held to complete 
evaporation, then advanced to 35 amp to clean off 
residual metal; all of this being done at or below 10~ 
mm Hg as read by a Phillips gauge. 


Tas e I. Physical data for the two radioactive tracers used in the evaporation study.* 











Service Special 
Melting Boiling Target Energy (Mev) irradiation irradiation Radiocon- 
Isotope Form point point Half-life material beta gamma spec. act. spec. act. taminants 
Au 0.002-in. 1063° 2600° 2.69 days Au"? 0.970 0.065 3000 mC/g 1000 mC/g None 
gold foil 0.605 0.208 
0.411 
0.157 
Cr®! Electrolytic 1615° 2200° 26.5 days Cr 0.237 0.320 50 mC/g 3 mC/g None 
nodules, 0.26 ; 
approxi- int. K 
mately conv. cap- . 
15 mg ture 








* G. T. Seaborg and J. Perlman, Revs. Modern Phys. 20, 585 (1948); U. S. Atomic Energy Commission Catalogue No. 4, No. 79A, (Au™8), No. 24 (Cr®). 


*C. E. Ells and G. D. Scott, J. Appl. Phys. 23, 31 (1952). Scott, McLauchlan, and Sennett, J. Appl. Phys. 21, 843 (1950). 

*M. Devienne, Compt. rend. 232 (1951). 

lL tical Film Engineering, Philadelphia, Pennsylvania. 
racerlab, Boston, Massachusetts. 
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Fic. 2. (a) is the experimental 
data from an inverse-square law 
study, plot No. 1 being the 
theoretical condensate; No. 2, 
Cr®! from a vertical 30° crucible; 
No. 3, Au from the same; No. 
4, Au® from a 30° horizontal 
crucible. No. 4 demonstrates 
intense beaming out of the open 








mouth of the crucible to produce 
condensate 10X greater than pre- 
diction. (b) shows the normalized 
experimental values for Au" 
shadowed at 6.2 cm from a 
straight wire (No. 2), a vertical 
30° crucible (No. 3), and a 
horizontal 30° crucible (No. 4). 


CONDENSATE THICKNESS, COUNTS/MIN. 














No. 1 (solid line) is the theoret- 
ical shadowing curve. 














CONDENSATE THICKNESS, COUNTS/MIN 
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DISTANCE, 


Error in quantitative thin-film assay hinges on the 
counting error. Antal and Weber show a 4 percent 
probable error with a 3 percent counting error. The 
three error sources here are statistical, geometrical, and 
systematic. With the specific activities of Table I a 
1 percent counting standard deviation is expected and 
with careful control of other than counting variables 
the probable error is 2 percent. 


THE INVERSE SQUARE AND SHADOWING THICKNESS 


The frequently assumed inverse-square relation was 
studied with ten targets in a 50° array about the 
crucible and 4 to 44 cm from it, with their centers in the 
plane parallel to the evaporation table and passing 
through the crucible center. A 7-turn conical, 30°, 
0.025-in. tungsten wire crucible loaded with a 36-mg 
chromium nodule was used (No. 2, 2A) with cone 
axis** perpendicular to the above plane and with the 
open base pointing up and away from the evaporation 
table. Direct line-of-flight chromium vapor reaches the 
targets from wetted crucible wires or portions of the 
nodule that can “‘see” the target array through openings 
between the crucible turns. In Fig. 2a the theoretical 
plot shown as a solid line was calculated in terms of 
predicted thickness from Cr*! specific activity using the 
inverse square. The experimental plot (plot 2, Fig. 2a) 
provides a straight-line relation with condensate 50 


** Conical crucibles with main axis parallel to the evaporation 
table shall be termed “horizontal” and with axis perpendicular 
vertical.” 
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percent of that predicted at 4.cm and curve slope less 
than theoretical. Assumption of a nonsymmetrical 
dispersion pattern for the vaporized metal occurring 
within the 50° angle of the target array may explain 
this slope. Assuming crucible interference as the 
determining factor in the dispersion pattern, then 
varied thickness-distance curves for varied metals and 
crucible design will result. Two Au'®* evaporations with 
equivalent geometry to the above Cr* evaporation are 
shown as plots 3 and 4. Two conical 30° crucibles are 
used; one, (plot 3) oriented as in plot 2 above and the 
other (plot 4) positioned with the open cone base 
pointing at the target array. 0.540 mg of gold were 
evaporated for plot 3. Close agreement with inverse- 
square prediction is shown for this vertical crucible, 
with slope identical to prediction. Assuming nonsym- 
metrical metal vapor beaming by crucible interference 
to be responsible for deviation from the theoretical in 
plot 2, then this close adherence may be due to uniform 
wetting of the outside of the crucible wires, from which 
the targets receive the condensate, by the gold with 
negligible interference to evaporation in this direction. 
However, a great divergence from prediction in plot 4 
is produced by a horizontal 7-turn crucible (0.891-mg 
Au evaporated). This plot from a crucible with its 
open base directed at the target array is convex on the 
log plot. This failure to demonstrate the inverse-square 
prediction with this geometry may be explained by 
assuming a collimating or beaming action caused by 
the interference of the crucible wires with the metallic 
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vapor as it leaves the interior crucible region. The plot 
is significant since those targets at 10 cm and 20 cm are 
on the main crucible axis and directly before the open 
crucible mouth. If beaming does occur with such 
minute masses of evaporant, presumably the greater 
portion of the metallic vapor may escape unhindered 
through the open cone base from the hotter interior of 
the cone. Target 2, plot 4 at 16-cm distance directly 
before this crucible mouth shows a condensate thickness 
greater by a factor of ten than that predicted. 
Calculations of film thickness in electron microscopy 
are made most frequently for the obliquely deposited 
shadowed specimens. Normal depositions for backing 
and replication are ordinarily not quantitated. In the 
following, the crucibles simulated shadowing with 
targets oriented radially. The solid line (plot 1, Fig. 2b) 
gives the theoretical thickness curve out to 100 cm for 
Au’ evaporated from a crucible height of 6.2 cm. The 
abscissa is the distance from the point directly below 
the crucible on the evaporation table to the target; the 
ordinate is film thickness expressed in counts/min. 
Target surfaces were in the plane of the table. Film 
thickness curves from evaporations for two crucible 
types and varied orientations were studied. The 
circular plots (2) represent thicknesses condensed from 
0.900 mg of gold from a 0.025-in. tungsten straight-wire 
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Fic. 3. (a) isa stylized cross section of a 30° crucible with molten 
Au-Au™® wetting three center turns. Flux from the interior 
(vectors 1, 2, 3, 4) will negate umbra No. 1 and produce a lobe 
about 0° in the dispersion pattern (solid line). Umbra No. 3 is 
only weakly illuminated and will produce pattern inflection at 
180°. (b) gives the experimental verification of dispersion for an 
Au-Au"™ evaporation from a 30° crucible. Dotted lines represent 
theoretical dispersion by the inverse square. Autoradiographic 
density studies verified this pattern shape. 
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crucible, oriented horizontally and parallel to the 
evaporation table with longitudinal axis perpendicular 
to line-of-flight to targets. Except for target distances 
about 5 cm this shows good agreement with prediction. 
However, other straight-wire orientations showed very 
poor correlation. Plot 3 (Fig. 2b) is for 0.222 mg of 
gold from a 30° perpendicular crucible. Here the 
target’s gold condensate has passed through the 
interstices between the crucible turns. Plot 4 (Fig. 2b) 
gives thicknesses for 0.518 mg of gold from a horizontal 
crucible with its open base directed at the targets. 
Beyond 3 cm the targets can see into the open cone and 
are exposed to heavy beaming from it with resultant 
heavy deposition (note the hump in the plot beyond 3 
cm). At 20-cm thickness exceeds prediction by a factor 
of ten. 

These simulated shadowing studies demonstrate the 
inherent error in use of the accepted formulas. Here 
crucible type and orientation demonstrate an important 
role in the evaporation mode, with one orientation of 
the simple straight wire showing least beaming effect 
while the conical crucibles deviate from prediction by a 
factor of ten. Complex crucibles, often used in shadow- 
ing, show the greatest disparities, with slight changes in 
orientation, design, size, and position of metal producing 
great changes in the pattern of vapor dispersion, while 
better agreement with prediction from simple sources 
as the straight wire holds only for small conical solid 
angles. (In the case of the straight wire this solid angle’s 
axis is perpendicular to the wire at the point at which 
the metal melts.) 


INTERFERENCE POSTULATE AND 
EXPERIMENTAL VERIFICATION 


Figure 3 shows, in longitudinal cross section, an 
idealized 30° conical crucible with gold wetting the 
center three turns (Au and Cr are separately considered 
because of the spread in melting points). Greater 
evaporation flux orginates from the hotter interior 
region and the unwetted tungsten turns at each end of 
the crucible will tend to produce a shadow devoid of 
vaporized gold shown as Umbra No. 1, and Umbra No. 
2. Crossfire evaporation vectors from the interior; 
No. 1, No. 2, No. 3, and No. 4 may strongly illuminate 
and negate Umbra No. 1. Umbra No. 2, not receiving 
this strong flux from the interior, will be illuminated 
by weak flux (vectors No. 5 and No. 6) from the exterior 
to change it to penumbra No. 2. However, vectors 
No. 5 and No. 6 cannot efficiently illuminate the small 
cone-shaped solid angle oriented about the 180° axis line 
and here Umbra No. 3 is formed. The smooth curve 
extending from 0° to 180° at the top of the figure 
describes the polar plot of the dispersion pattern 
produced by the flux postulated, which for complete 
symmetry may be extended through the two lower 
quadrants, 180° to 360°. Here the greatest flux occurs 
out of the open base of the cone with lesser values along 
the 180° axis. An inflection, or inward ‘pip,’ is postulated 
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at 180° axis because of Umbra No. 3, which may be 
characteristic of evaporation of completely melted 
metals. Additionally this suggests values larger than 
100 percent of the inverse-square prediction out of the 
open-cone base and less in other directions. 

To verify experimentally the postulate outlined a 
0.025-in., 7-turn, 30° conical crucible, horizontally 
oriented, and with open base directed along the 0° 
vector was loaded with 0.432 mg of gold placed to wet 
the center turns. Eighteen targets, positioned at 20° 
intervals on a 10-cm radius circle about the crucible, 
were, after evaporation, collected and assayed by the 
tracer method for condensate thickness. A polar plot 
of values thus obtained was made on radii corresponding 
to the target positions and the dispersion pattern drawn. 
This is shown in Fig. 3b with the arrow along the 
crucible axis at 0° and in the direction of the open-cone 
base. The dotted circle represents the dispersion 
pattern for adherence to the inverse square and perfect 
symmetrical radial dispersion. This pattern duplicates 
that postulated in Fig. 3a. Emanating from the cone’s 
open base is a flux five times greater than that expected 
by symmetrical dispersion of the metal. At the crucible 
sides and apex condensates 10 percent of prediction 
are found. The two lobes flanking the 180° vector and 
the inward pattern inflection arising from Umbra No. 3, 
Fig. 3a, are demonstrated. The small lobe at 90° is 
characteristic of anomalies found for individual 
crucibles. Significantly for the electron microscopist, 
this pattern shows that the frequently used cone 
crucible may produce films 514 percent of prediction at 
0°, 16 percent at 90°, and 41 percent at 180°, which 
partially explains deposition irregularities for some 
shadowing techniques. In controlled evaporations, gold 
invariably produced patterns as in Fig. 3b. 

The inward inflection at 180° in the pattern, Figs. 
3a and b, was proposed as the result of the shadowing 
effect of the unwetted wires at the crucible apex. To 
verify this a 90° conical crucible which gave the 
characteristic umbra pattern when gold wetted the 
center turns was loaded with 1.474 mg of gold which was 
carefully wrapped about the cone apex so that during 
evaporation this apex wire wetted. The usual 180° 
inflection was absent and the 180° lobe was almost as 
large as that emanating from the open-cone base. Thus, 
umbra and penumbra effect may be eliminated by 
wetting all crucible turns during evaporation. 


CHROMIUM-51 NODULE, SUBLIMATION 


The chromium evaporation mode differs from gold in 
that the nodule largely remains in the solid state 
during the process. Figure 4a shows a 30° crucible in 
cross section with a chromuim nodule supported within 
its central turns. When raised to crucible temperature 
the nodule’s hottest areas will correspond to contact 
points between the crucible and nodule. Some molten 
chromium may appear on the nodule’s surface and at 
contact points with the crucible. Wire wetting is not as 
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270° 
(b) 
Fic. 4. (a) is the postulated sketch of the Cr-Cr® sublimation 
mode from a 30° crucible. The dispersion pattern is similar to 
that from gold, but Umbra No. 3 and the characteristic 180° 
indentation is missing. This indentation may appear at high 
temperatures when conditions of wetting are more complete. (b) 
is the experimentally determined dispersion of 15.75-mg Cr from 
a 30° crucible, base oriented along the arrow. Condensate thickness 
at 0° is 15 times that at 90°. 


complete as with gold. The greatest evaporation flux 
will be ejected unhindered through the cone base and 
apex openings producing two dispersion-pattern lobes 
symmetrically oriented about the 0° and 180° vectors. 
Vectors A, B, C, and D give the approximate edge of 
this unobstructed evaporation volume. The shaded 
area, not seeing the nodule clearly because of crucible- 
wire interference, is not a true umbra because of the 
minor flux passing through turn interstices or from 
slightly wetted wires. The smaller solid angle subtended 
by the apex aperture dictates a minor lobe about the 
180° vector. Figure 4b gives the experimental pattern 
for sublimation from a 15.74-mg chromium nodule 
obtained from a 30° crucible with open base oriented 
towards 0°. The absence of the 180° indentation follows 
the assumptions in 4a. The plot demonstrates beaming 
out of the open base about five times greater than 
predicted by symmetrical dispersion (dotted circle). 
Electron microscope specimens oriented at 90° will 
receive only one third, and at 180° almost that predicted 
by the inverse square. In this case, where a set of 
specimen screens subtend 90° with the crucible, a film 
is condensed at 0° 15 times thicker than that at 90°. 
Many gross variations from the foregoing classic 
dispersion patterns have been observed when small 
changes were made in metal size, crucible construction, 
warping, metal position, temperature rise, etc. The 
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Fic. 5. (a) isa cylindrical crucible with molten gold on the center 
turns. The shadowing of the evaporation flux by the wires produce 
the shaded penumbra partially illuminated by flux, A, B, C, and 
D. This penumbra is effective in producing the axial inward 
pattern inflection. (b) shows the same crucible with idealized 
sublimation from a centrally-oriented Cr nodule. Reduced 
evaporation from the sides produces the symetrical twin-lobed 
pattern about the axis. 


180° pattern indentation characteristic of gold may 
be found with chromium, presumably because of high 
temperatures used and a consequent unusual degree of 
melting. These anomalies are reproducible when arising 
from a retained factor such as crucible design. Gold 
from conical crucibles has shown patterns with 4 or 6 
characteristic lobes about the apex which were repeated 
up to 4 times on successive evaporations. 


MISCELLANEOUS CRUCIBLE TYPES 


Figure 5 demonstrates the dispersion scheme for gold 
and chromium from cylindrical crucibles. In Fig. 5a 
gold, wetting the three center turns, partially illumi- 
nates the penumbra volume by cross-fire along vectors 
A, B, C, and D with resulting prediction of pattern 
indentation on the cylinder axis. The short vectors 
represent a reduced flux from the cooler exterior. In 
Fig. 5b, with a chromium nodule supported on the 
crucible’s center turns, the shaded penumbra volume 
receives a low flux, shown by the short vectors through 
the crucible turns while unimpeded evaporation 
bounded by vectors A, B, C, and D proceeds from each 
end roughly collimated by the cylindrical shape. This 
predicts a symmetrical twin-lobed pattern with heavy 
deposition on the cylinder’s longitudinal axis. Experi- 
mental tracer plots of patterns for 7-turn, 0.025-in. W 
wire, 0.1424-in. 0.d., 0.2022-long cylindrical crucibles 
are shown in Fig. 6. Arrows are along the longitudinal 
axis. In Fig. 6a, with 0.336 mg Of gold evaporated, 
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the pattern indentations on the axis demonstrate the 
penumbra regions in Fig. 5a. Figure 6b gives the 
characteristic twin-lobed effect for chromium as pre- 
dicted by 5b. Reference to the broken circle, represent- 
ing pattern and magnitude expected from perfect 
radial dispersion, shows the divergence between 
expected and actual condensate thickness found for 
electron-microscope specimens oriented concentrically 
about the source. 

Dispersion patterns for simple design “V’” and 
straight-wire crucibles, shown in Fig. 7, presumably 
had the best potential for producing a spherical disper- 
sion pattern. The “V” in Fig. 7a develops an unusually 
irregular pattern with no portion beyond the circle 
representing perfect symmetrical dispersion. The arrow 
lies in the horizontal plane delineated by the “V” and 
points in the direction of the apex. Assuming complete 
evaporation, deposition in excess of 100 percent of 
prediction presumably occured in the vertical plane. 
The orientation and morphology of the molten metal 
on the ‘V’ is of prime importance in determining the 
dispersion pattern, as was shown by the unusual 
pattern variations from a given “V” for an evaporation 
series. Gold from the straight wire, Fig. 7b, closely 
resembles patterns of chromium from cylindrical 
crucibles, Fig. 6b. The inflections at 90° and 270° corre- 
spond to the wire’s longitudinal axis which presumably 
projects an umbra correlating with these indentations. 
At 180° actual film thickness closely approximates 


90° 
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CYLINDRICAL CRUCIBLE 
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270° 


Fic. 6. (a) is the experimental plot for 0.336-mg Au- Au" from a 
cylindrical crucible; (b) is the pattern for 23.42 mg Cr-Cr®!, Note 
that the general prediction in Fig. 5 is demonstrated, particularly 
the axial indentations for Au. 
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inverse-square prediction, (broken circle). The straight 
wire for cerlain specimen orientations demonstrates the 
closest approach to prediction. 

Data for evaporation of 18.88 mg of chromium from 
a horizontal, conical 45° crucible is given in Table II. 
The open-cone base is directed towards target No. 1 at 
0°. The predicted count rate for perfect symmetrical 
radial dispersion is 135 c/m for a 1-in. disk target at 
10 cm. The third column gives the condensate thickness 
in terms of corrected c/m for the 18 targets. The fourth 
column expresses condensate thickness as a percentage 
of predicted thickness. Targets 1, 2, 3, 16, 17, and 18 
opposite the open-cone base show deposition in great 
excess of prediction. Target No. 1 at 0° on. the cone 
axis has condensed chromium to a thickness 600 percent 
of prediction while No. 7 at 120° shows a condensate 
only 34 percent of prediction, thus demonstrating the 
lack of reliability of an empirical method. 


SHADOWING FILM THICKNESS DETERMINATIONS 


The tracer method’s convenient technique for 
condensate determinations may be extended to shadow- 
ing thicknesses on electron microscope specimen 
screens. As described earlier the specimen’s Formvar 
substrate and the clean copper target surface will 
condense identical metal films under equal geometry 
for a single evaporation. The shadowing process is 
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Fic. 7. (a) shows the experimental dispersion pattern for a “V” 


‘ crucible. 0.025-in. wire was used in a sharp 20° “V,” the point of 


which was oriented in the arrow’s direction. 1.077 mg of Au were 
evaporated from the point. The plane of the target centers is also 
defined by the “V.” (b) is the pattern for a horizontal straight-wire 
crucible from which 0.443 mg of Au were evaporated. Inflection 
points correspond to the ends of the straight wire. 
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TABLE IT. Target-film thickness for Cr, Cr®! 
evaporation from a 45° crucible. 
Predicted Target Activity =135 c/m 
Condensate 
Target thickness, Condensate as 
Target position c/m corrected % of prediction 

1 0°-360° 812 600% 

2 20° 727 537% 

3 40° 512 378% 

4 60° 232 171% 

5 80° 87 64.3% 

6 100° 55 40.7% 

7 120° 46 34.0% 

8 140° 76 52.2% 

9 160° 104 76.8% 
10 180° 92 67.8% 
11 200° 92 67.8% 
12 220° 80 59.1% 
13 240° 56 41.3% 
14 260° 45 33.3% 
15 280° 100 73.8% 
16 300° 301 222% 

17 320° 512 378% 
18 340° 727 537% 








carried out with the metal condensate depositing 
equally on the electron microscope screens and on the 
copper target. These are then assayed under identical 
geometry and scatter and absorption corrections made. 
The condensate thickness is computed from calibrated 
standards of the tagged metal. 

Table III presents data from a single evaporation of 
57.13 mg of chromium from a vertical 90° conical 
crucible. Chromium vapor reached the electron- 
microscope specimens only by negotiating the interstices 
between crucible turns or directly from the areas of 
limited wetting of the turns. The specimens were 
oriented on a plane 6.2 cm below the crucible and the 
shadowing angle varied from 25°-to 55°. Throughout, 
the actual thickness of the deposit computed by the 
tracer method is less than one-third that predicted by 
empirical formulas. Review of the dispersion pattern 
for the conical crucible shows that for target orientations 
about 120° (Fig. 3b) the true deposit is about one-third 
of prediction. (120° on the dispersion pattern corre- 
sponds to the 40° angle made by the shadowing beam 
with the horizontal.) 

Figure 8 shows the appearance of this condensate in 
the electron microscope with Dow Latex 580-G on 
Formvar corresponding to the four film thicknesses in 
Table III. The spheres in 8a are shadowed at about 25° 
(No. 1, Table III). Predicted thickness by the inverse 
square is 136A; 37A is the actual thickness by the 
tracer method. The micrograph correlates well with 
this. Contrast is moderate and the Latex is not distorted 
by an excessive deposit. Substrate detail is visible at 
this thickness; 60A has been given by other workers* 
for optimum chromium thickness as determined by the 
inverse square. Figure 8b with substrate shadowed at 
30°, shows an actual film thickness of 76A, which is 
beyond the optimum value. The spheres are notice- 
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Fic. 8. (a)-(d) show in order the electron micrographs of the 4 
film thicknesses described by Table IIT. 


ably deformed with substrate detail still visible and 
higher contrast between film and shadow. Some 
fracture lines in the metal film are apparent. Thick- 
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Fic. 9. (a) and (b) show the reproducibility obtainable on 

subsequent evaporations from a given 30° conical crucible, which 

was chosen for this study because of the unique three-lobed cone- 


apex pattern. Note that (b) duplicates the general shape of a but 
¢ pattern is askew and not quantitatively identical. 


PREUSS 


ness in 8c is 154A contrasted with prediction of 
632A. The spheres are deformed and substrate fine 
structure has disappeared, and in its place the char- 
acteristic appearance of the over-thick film is seen. 
In 8d, chromium shadowed at 55° shows the coarse, 
snow-drift appearance of the heavily overshadowed 
specimens. Predicted film thickness is 1040A while 
actual thickness is computed at 271°K. The char- 
acter of the spheres is almost completely lost in the 
heavy condensate as is also the fine substrate detail. 
Film to shadow contrast is very high. Reorientation 
of the specimen screens opposite the open-cone base 
will produce the opposite of this series with actual 
deposit much greater than prediction (see Fig. 4). 
Chromium film density was taken at 6.92 g/cm for 
this series, 


REPRODUCIBILITY 


The setting up of criteria for a standard or control 
evaporation introduces the paramount problem of 
reproducibility. The ability to shadow consistently to a 
controlled film thickness hinges on whether a given 
crucible will exactly repeat its dispersion pattern for a 
series of evaporations. This study has shown that the 
characteristic dispersion pattern for a single crucible 
can be duplicated in gross morphology, but only when 
the metal masses are identical and placement in the 
crucible is the same. In addition, the heating cycle, 
crucible warpage, and other variables should be identical 
in each evaporation since the pattern may be grossly 
altered by some small foible of turn wetting or metal 
moverrent during heating. The extreme care required 
for this reproduction is ordinarily not exercised by the 
average electron microscopist. However, with certain 
care it is possible on separate evaporations to produce 
patterns as much alike as those shown in Fig. 9. 
Chromium was evaporated from the same 30°, 7-turn, 
conical crucible which was chosen because it produced a 
unique three-lobed pattern about the 180° vector on its 
first evaporation, 9a. The evaporation was repeated 
with a nodule of about the same mass in the same loca- 
tion in the crucible. The three lobes are again clearly 
demonstrated, 9b, although the exact shape of the first 
pattern is not produced. A series of such duplicate 
evaporations has shown that each crucible has a 
characteristic pattern that may deviate from the norm, 
and as a general rule in carefully controlled experiments, 
its dispersion pattern may be consistently duplicated 
for a given evaporant. However, in Fig. 9a, the film 
thickness at 0° is greater in proportion to that at 165° 
when compared with Fig. 9b. In addition the pattern 
in 9b has developed a skew with the greatest evapora- 
tion flux along the 350° vector. 


RESIDUAL METAL AND MOLECULAR SCATTERING 


Although appearing visually to be free of the metal 
after evaporation, each crucible was routinely monitored 
and in every case demonstrated some radioactivity 
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despite the extreme temperature at 35 amp. Quantita- 
tive results on this phase indicate that some, albeit 
minute, fraction of the metal remains alloyed or other- 
wise attached to the tungsten wire. Preliminary study 
indicates the residual metal proportion to be inversely 
dependent to crucible temperature and to amount to 
less than 0.1 percent of the original specimen for 
conditions used here. 

When calculating film thickness by the inverse square 
a necessary assumption is that the metallic particles 
travel in straight lines without elastic collisions and 
deposit on the first surface encountered. Hibi'® has 
reported on improved shadowing by collimation suggest- 
ing the possibility of scattering within the vapor beam. 
This tracer study has shown that appreciable fractions 
of the metal vapor may be bent through large angles 
before condensation. Targets at 12 cm from the crucible 
were mounted in the umbra produced by targets at 8 
cm. Therefore, if no scattering occured, a condensate 
could not be expected on these shaded targets. Experi- 
mentally these protected surfaces condensed a deposit 
density from 10 percent to 17 percent of that found on 
the 8-cm targets. Autoradiography of the 12-cm 
targets indicated that the metal vapor was scattered 
(probably by elastic collision) at least through a 25° 
angle in passing the forward target. Preliminary work 
with P® and I'* salts shows the same bending," plus 
the ability to resist condensation on the first surface 
encountered. 


SUMMARY 


The radioactive isotope technic has provided an 
extremely sensitive tool for investigation of the evapora- 
tion scheme of metals in shadow-casting. It is partic- 
ularly useful in the analysis of tenuous films below the 
sensitivity limit of conventional methods. It has been 
shown that each crucible type exhibits a characteristic 
evaporation dispersion pattern with none demonstrat- 


” Tadotosi Hibi, J. Appl. Phys. 23, 957-963, 1952. 
" Unpublished research, L. E. Preuss. 
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TABLE ITI. Shadowing-film thicknesses obtained with Cr, Cr®. 








Actual film 
Predicted thickness on 


thickness by substrate Percent of 





Evapora- Shadowing inverse- (by tracer predicted 

tion angle* square law’ technique) thickness 
1.Cr = Arc tan 6.2/13 136A 37A 27 percent 
2. Cr = Arc tan 6.2/10 250A 76A 30 percent 
3. Cr® = Arc tan 6.2/7 632A 154A 24 percent 
4. Cr! = Arc tan 6.2/4 1040A 271A 26 percent 








® Arc tan Crucible height/Horizontal target distance. 


ing symmetrical radial dispersion, while the majority 
tested produced patterns at great variance with the 
inverse-square law; this latter denying the efficacy of 
the empirical thickness formulas since their inverse- 
square prediction may error through a factor of ten 
from the true deposit. Many factors, most of which are 
little regarded by the microscopist, may alter dispersion- 
pattern morphology ; these are: crucible design, heating 
technique, wettability, melting point, relative metal size, 
and position. The more complex crucibles demonstrated 
greater interference on the metal vapor, but the simple 
types (straight wire and “V’’) produce patterns far from 
ideal. With variables closely controlled, a given crucible 
will duplicate its gross dispersion mode. This coupled 
with the tracer method presents a useful technique for 
the shadowing microscopist by which the evaporation 
patterns of the most frequently used crucibles may be 
calibrated by the isotope method and subsequent 
patterns may be assumed to duplicate within about 
20 percent. Now with the film thickness known for 
each portion of the evaporation table, thicknesses may 
be predicted for stable metal evaporations. 
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Graduate Science Fellowships for 1954-55 Offered by National Science Foundation 


More than 700 students with special abilities in science will be selected for a year of graduate scientific 
study during the academic year 1954-55 in the National Science Foundation’s Third Annual Graduate 
Fellowship Program. The closing dates for receipt of applications are December 15, 1953, for postdoctoral 
applicants and January 4, 1954, for graduate students working toward advanced degrees in science. The 
selections will be announced on or before April 1, 1954. 

Applications for the 1954-55 National Science Foundation Fellowship Program may be obtained from 
the Fellowship Office, National Research Council, Washington 25, D. C. 











JOURNAL OF APPLIED PHYSICS 


Letters to the Editor 








Enhanced Alpha in Formed Silicon Point 
Contact Transistors 
HAROLD JAcoBS, WESLEY MATTHEI, AND FRANK A. BRAND 


Signal Corps Engineering Laboratories, Fort Monmouth, New Jersey 
(Received August 31, 1953) 


HE authors have previously reported a new technique,’ in 
which silicon can be formed to provide transistor action. 
The technique consists of arcing a suitable impurity, such as Sb, in 
a nitrogen atmosphere, causing the impurity to be diffused into a 
small region at or near the surface of the p-type silicon. In the 
initial tests, alphas of 1.6 were observed and transistors with 
voltage gains of 30, and power gains of 13 were readily attained. In 
these tests silicon samples with resistivities ranging from 0.1 to 1.0 
ohm cm were used. 

Since that time, additional experiments have been run using a 
much broader variety of silicon samples, and higher resistivity 
materials. Crystals with resistivities of 5 ohm cm have been pro- 
vided by Dr. Keck? and have been of great value in these tests. In 
addition to using higher resistivity materials with the arcing 
technique of impurity injection, it has been found that surging 
large currents in the reverse direction through the emitter enhances 
the transistor action of the unit. 

With these innovations in technique, relatively high alphas have 
been obtained from silicon. For instance, while the maximum alpha 
for typical germanium units range from 4.0 to 5.0, we have con- 
sistently observed in the silicon units maximum alphas of about 10. 
In addition, many silicon units have had alphas greater than this 
value, and in Fig. 1 the data illustrates an alpha of 25. In Fig. 2 
another a vs J, curve is given for a different crystal. This curve is 
more representative of average results. It should be noted paren- 
thetically that these silicon units showed dynamic voltage gains in 
the range of 44 to 60 and power gains near 40. The operating 
characteristics are shown in Table I. 

It has been shown by Sittner* that enhanced alphas in n-type 
germanium are due to the density of traps in the collector region 
and the ionization energy of these traps. Extending this theory to 
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p-type silicon, the enhanced alphas in silicon can be explained by 
the increased density of donors in the collector region. 

Following Sittner’s method of graphical analysis, the physical 
constants in Table II have been calculated for room temperature. 
It should be noted that since the work reported here refers to 
p-type silicon, a p-n-p hook was assumed instead of the n-p-n hook 
such as exists in n-type germanium. In addition the carriers in- 
jected into the emitter region of the silicon are electrons. The 
mechanism by which enhanced current multiplication occurs in 
p-type semiconductors is related to the ratio of hole to electron 
mobilities. Injected electrons, upon arriving in the collector region 
are slowed down by the presence of donor traps. Then, in order to 
insure electric neutrality, holes are removed from the immediate 
vicinity of the collector, and since the velocity of the holes is much 
greater than that of the “trapped” electrons, the requirement of 
neutrality causes current multiplication. 

In examining Table II several differences appear when con- 
sidering typical values for germanium and silicon.‘ 

The maximum alpha values for 5-ohm cm silicon are much higher 
than the values for germanium. The values a’ and J,’ are indicated 





Te (mo) 


Fic. 1. Alpha vs emitter current for formed silicon crystal. 


TABLE I. Operating characteristics of silicon transistors. 


























Measured 
Calculated dynamic 
voltage voltage Power 
Description ru(ohms) — ri2(ohms) 721 (ohms) r22(ohms) gain gain a@max operat ing gain 
Control test 5-ohm cm p-type 1222 165 12 800 8000 10 5 1.5 1.5 1.8 
silicon unformed 
Sb formed 5-ohm cm p-type silicon 1000 333 32 900 9120 33 44 10.0 3.6 39.6 
Sb formed 5-ohm cm p-type silicon 510 46 000 20 000 92 60 tee 2.3 34.5 
(probes in different area) 
. TABLE II. Physical constants for silicon and germanium transistors. 

Sample number and description a@max @m in 7 a’ I,’(ma) a Ni Ex (ev) 
Silicon, p-type, 5-ohm cm resistivity, anti- 25.0 1.22 0.92 13.11 0.135 78.0 1.94 X1016 0.27 
mony formed 
Silicon, p-type, 5-ohm cm resistivity anti- 10.0 1.2 0.9 5.6 0.29 29.7 1.58 X101¢ 0.26 
mony formed, probes in different location 
Silicon, p-type, 0.1 to 1.0-ohm cm resistivity, 2.9 0.35 0.263 1.6 0.50 29.4 0.77 X10'¢ 0.27 
antimony formed 
Germanium, CB92 (from Sittner) n-type 4.4 2.0 0.64 3.2 0.017 2.0 7.2 X10 0.31 
Germanium, CB84 (from Sittner) n-type 3.2 1.0 6.7 X10" 0.31 
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to furnish the third point used in the graphical analysis. All other 
factors being equal, the smaller the 7,’ value the sharper the drop 
in a with increasing 7,. The maximum alpha is increased by an 
increase in N, and Ey. The rate of fall of alpha with increasing 
emitter current can be shown to increase with E).* 

In Table II we see that the germanium samples have an E,=0.31 
which is slightly higher than that for silicon. The a vs J, curve also 
drops much more rapidly than for silicon, J,’ only being about 
0.017 ma. The silicon samples all have a high value of “‘a” due to 
the large value of N;. The large values of VN; may be due to the 
method of arcing the sample in forming, and the diffusion prop- 
erties of Sb in silicon. It is of interest to note further that the 0.1- 
ohm cm silicon and the 5-ohm cm silicon both display, after the 
same processing, similar values for E, and N;. The main reason for 
the increase of a in the higher purity silicon when compared with 
the low-purity samples was due to the factor y, which it is felt was 
enhanced by the use of purer silicon and electroforming the 
emitter contact. 

Finally, it should be pointed out that some of the values indi- 
cated in Table II, particularly the value for Ey, are only approxi- 
mate. This is due to the fact that in many of our a vs J, runs, the 
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F1G. 2. More typical alpha vs emitter currerit for formed silicon crystal. 


maximum a was shifted to the region of 7, between 0.05 ma and 
0.25 ma, while in the theoretical curve, the maximum should occur 
at I,=0. The physical reason for this shift is being studied in more 
detail by the authors at the present time. 

We should like to acknowledge the help rendered by Mr. 
Alexander Ramsa in the construction of the test equipment during 
the course of these experiments. 

5 am Mathei, and Brand, J. Appl. Phys. (to be published). 

H. Keck, presented at meeting of the American Physical Society, 
ms 2 New York, June, 1953. 
3 W. R. Sittner, Proc. Inst. Radio Engrs., pp. 448-454 (April, 1953). 


4In calculating these values for p-type silicon the following definitions 
were used: 


electron current 





total emitter current 
me Ne 

a =— =— exp(Eo/kT) = . 
n N density of free electrons 


density of trapped electrons 





b =ratio of mobilities of electrons to holes 
N:t=density of donors in collector region 
E» =energy of ionization of donors in collector region 
@max =Maximum current multiplication 
amin =minimum current multiplication at higher emitter currents 


@max +an in 
q ieee 


2 


I ,.( =emitter current$when a <a’. 


THE EDITOR 1411 


Production of a P-Type CdS Rectifier by High 
Local Heating of N-Type Crystals 


GENE STRULL* 


Electrical Engineering Department, Northwestern University, 
vanston, Illinois 


(Received June 26, 1953) 


CADMIUM sulfide crystal can be used to construct a point- 

contact rectifier.’ The crystals used in this research were 
grown by the method of Rudolf Frerichs.? Pure cadmium sulfide 
crystals, as well as crystals with added impurities, act as n-type 
semiconductors; which, it is believed, is due to the presence of 
excess metallic cadmium. 

The information to be presented was the result of attempts to 
construct a cadmium sulfide transistor. The main difficulty lies in 
attempting to fix point contacts to the crystal, for cadmium sulfide 
is a brittle salt and methods used in the construction of type-A 
germanium transistors are not applicable. Junction type transistors 
were not considered due to the rareness of p-type cadmium sulfide. 
In constructing a diode the contacts are fixed to the crystal by 
means of a colloidal graphite solution, but this does not work well 
in the case of the transistor where the two points must be sharp 
and very close together. 

In the course of attempting to solve this problem, a high tem- 
perature was directed in the immediate vicinity of the point 
contacts by means of a pointed filament of Nichrome wire. The 
heat did not improve the contact but it seemed to affect the 
polarity of the crystal. This effect was deemed worthy of further 
investigation. At this time no attempt will be made to explain the 
mechanism involved; only experimental results will be presented. 
If the polarity of the cadmium sulfide crystal can be changed by 
heating, it may be possible to construct a junction transistor. 

Several cadmium sulfide rectifiers known to be n-type were 
subjected to a temperature in air of about 850°C for anywhere 
from several seconds to one minute by means of the filament 
previously mentioned. The results were of five types: 


1. The crystals acted as they had before heating or had a lower 
resistance, but were still m type. It is known that heating may 
lower the resistance of an ionic semiconductor. 

2. The crystals acted as p-type semiconductors (two crystals 
tested acted as p type below one volt and as m type up to break- 
down of about forty volts). 

3. The crystals acted as p type for several minutes after the heat 
was removed, but then returned to n type. 

4. The crystals exhibited p-type polarity while being heated, 
but returned to their original polarlty immediately after the heat 
was removed. 

5. The rectification ability was destroyed by heating. 


The important fact at the present time is that it is possible to 
get a polarity change in n-type cadmium sulfide crystals by high 
local heating. 

* Predoctoral National Science Foundation Fellow. 


1G. Strull, Proc. National Electronic Conf. 8, 510 (1952). 
2? R. Frerichs, Phys. Rev. 72, 594 (1947). 





New Etches for Germanium* 


R. C. Exis, Jr., AND S. P. WoLsky 


Research Division, Raytheon Manufacturing Company, 
Waltham, Massachusetts 


(Received August 17, 1953) 


HE literature concerned with germanium etches has dealt 

for the most part with solutions containing hydrofluoric 

acid. The use of hydrofluoric acid proves undesirable from the 
standpoint of safety and ease of handling. The acid is a laboratory 
hazard which must be used in plastic or polyethylene containers. 
During a study of germanium etches, an investigation was made of 
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Fic. 1. Typical etch pattern left on germanium by nonhydrofluoric 
acid etch. 


solutions using various organic and inorganic materials to replace 
the hydrofluoric acid. Such solutions could be handled con- 
veniently in glass containers. An etch solution consists of oxidizing, 
complexing, and moderating components. In this investigation 
oxidizing agents such as nitric acid, hydrogen peroxide, chloric 
acid, persulfate, and hyperchlorous acid were used in combination 
with complexing agents such as oxalic acid, citric acid, hydrochloric 
acid, tartaric acid, tannic acid, versene, sucrose, mannitol, and 
ethylene glycol. Successful etch solutions were made using these 
materials. Mixtures were not studied in which there were unde- 
sirable side reactions between oxidizing and complexing agents. 

Recent work in another laboratory! showed germanium dioxide 
to be soluble in aqueous d-tartaric acid forming a 1:1 complex. 
This is in agreement with our previous observations as regards the 
possible use of organic complexing agents with germanium. 

Etch rates and the resulting surface structures were found to be 
a function of the concentration of the various etch components and 
also a function of temperature. The concentration of complexing 
agent is smaller in the nonfluoride etches. 

It was possible to obtain similar etch patterns from the fluoride 
and nonfluoride etch solutions. Figure 1 shows a typical germanium 
surface produced by an etch consisting of an oxidizing agent and an 
organic complexing agent. Electrical measurements show the 
characteristics produced by the new etches to compare favorably 
with those produced by the more familiar etches such as the CP-4 
etch. 

More detailed data will be published shortly. 


* Work supported in part by the U. S. Bureau of Ships, Signal Corps, and 
Air Corps. 


1 Compt. rend. 256, 81 (1953). 





; Nonlinear Filters 


W. D. Waite 
Airborne Instruments Laboratory, Mineola, New York 
(Received August 10, 1953) 


N a recent paper’ on the theory of nonlinear filters, Zadeh 
considers an example involving the problem of separating a 
random square wave from correlated Gaussian noise. It turns out 
that this problem is singular and that perfect separation is pos- 
sible, at least in principle. 

Let i(?)=s(i)+n(t) be the noisy input and then form the 
intermediate signal f()=u(t)—u(t—7r) where r is a fixed time 
delay. This intermediate signal then has a noise component whose 
rms amplitude is decreased by a factor [2—2y(r) }' relative to the 
input. If ¥,(r), the noise autocorrelation function, approaches 


unity as r approaches zero, then by proper choice of r we may 
reduce the rms noise to any arbitrary value. 

The signal component of f(/) consists of random pulses whose 
duration is r but whose amplitude is independent of r. These 
pulses occur coincidently with the transitions of the input signal 
square wave and may be used as triggers for a flip-flop. The 
output of this flip-flop will then be a noise-free reconstruction of 
the input wave. By suitably proportioning the choice of r and the 
threshold levels of the flip-flop, the probability of error may be 
reduced to any arbitrary value. 

In a physical problem, we would of course have a finite limit on 
the available performance due to the finite rise time of the random 
square wave. In such a case, the optimum filter might be quite 
different from the one outlined above. Under certain conditions, 
however, a filter operating on these principles would have a 
performance closely approximating the optimum. 

This example brings home the fact that in our efforts to develop 
a genera] theory to cover all cases, we should not overlook the 
possibilities of a “horse sense” on intuitive analysis where knowing 
the fact that a linear filter is optimum for the case of Gaussian 
signal and Gaussian noise, we search for the non-Gaussian 
properties that may be exploited by nonlinear techniques. 


!L. A. Zadeh, J. Appl. "Phys. 24, 396-404 (1953). 





Comment on Nonlinear Filters 


L. A. ZADEH 
Columbia University, New York, New York 
(Received August 14, 1953) 


A‘ pointed out by White, it is possible, in principle, to achieve 
perfect separation of a random square wave from noise by 
triggering a flip-flop with the time function f(#)=u(t)—u(t—r), 
where r is a time delay which can be made arbitrarily small. The 
output of the flip-flop will, in general, approach the desired 
random square wave as r—0. 

However, a practical as well as theoretical difficulty arises when 
the noise is nondifferentiable, as is true of the Markoffian noise in 
the example under discussion. Specifically, let us assume that in 
order to switch the flip-flop from one state to another the area of 
the triggering pulse must be greater than some fixed constant A 
which can be made as small as desired. As r approaches zero, the 
areas of pulse components of the time function f(¢) = u(t) —u(t—r) 
also approach zero. Consequently, in order to satisfy the minimum 
pulse area requirement, it is necessary to amplify the time function 
f(t) by the factor A/r. In this case, the expression for the rms 
value of the noise component of f(/) becomes 


o=*[2—2ya(r)} (1) 
so that for ¥n(r) =exp(—a]r|), (1) reduces to 
o=A (2a)i/r4 (2) 


for small r. Thus, as r—0, o tends to infinity, no matter how small 
A might be. Consequently, under the stated assumption, perfect 
separation is not possible when the noise is nondifferentiable, as is 
true of the noise whose autocorrelation function is 


¥n(r) =exp(—a| r|). 
A different result is obtained if one assumes that there is a lower 


limit, A, on pulse energy rather than on pulse area. With this 
assumption, the expression for ¢ becomes 


o=(2Aa)! (3) 


for small values of r. It is seen that in this case the rms value of 
noise can be made arbitrarily small. 

The question of which of the two assumptions is more plausible 
admits of much argument. As pointed out in the foregoing dis- 
cussion, when a lower bound A is placed on pulse area, the time 
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LETTERS TO 


function f(t) =u(¢)—u(t—7r) must be amplified by the factor A/r. 
As r-0, the resulting time function tends to the derivative of u(é). 
In the limit, then, the filtering process suggested by White be- 
comes equivalent to (i) differentiating the given time-function, 
u(t), (2) applying du/di to a limiter, and (3) integrating the output 
of the limiter. It is known! that such filters are capable of perfect 
separation of a random square wave, or, more generally, a step 
function, from any noise which has almost everywhere a bounded 
derivative. 

It is of interest to note that the differentiator-limiter-integrator 
combination is a nonlinear two-pole of class Nz. As regards the 
flip-flop, its input-output relationship may be expressed as 


v(t) =f[u (), v(t—A)], (4) 


where «(¢) is the input, v(¢) is the output (which can assume only 
two values, say 0 and 1), Aisa small time-delay, and f is a function 
of two variables defined by 


f(x,0)=0 for xy, 
f(x,0)=1 for x>y¥, 
f(x,1)=1 for x2—y, 
f(x,1)=0 for x<—y, 
where 7 is the threshold level of the flip-flop. 


Upon iteration of (4), the input-output relationship assumes the 
explicit form 


»(t)=fLu@®, flut—4), f[uG@—24), ---] (S) 


which indicates that a flip-flop is, in general, a nonlinear two-pole 
of class N... 


1 Scott, Fine, and Macmullen, Electronics 25, 146 (1952). 
*L. A. Zadeh, ‘‘Theory of filtering,” to be published in Bull. S.I.A.M. 





High-Energy Bunched Beam Analyzer* 


IRVING KAUFMAN 


Electrical Engineering Research Laboratory, University of Illinois, 
Urbana, Illinois 


(Received August 31, 1953) 


T has been shown that the millimeter wave power radiated from 

an undulated high-energy electron beam!” is greatly enhanced 

by tight bunching of the electrons. A study of the performance of 
such a radiator includes a measurement of bunch length. 

A scheme shown in Fig. 1 for measuring high-energy bunched 
beams converts the space variation of the beam (i.e., bunch 
length) into an energy variation.’ 

The energy of an electron that has passed through a microwave 
cavity is a function of the entrance phase, 6e. For a fast-moving, 
monoenergetic electron beam, the curve of output kinetic energy vs 
6e (i.e., time) is of nearly sinusoidal shape.’ A portion of this curve 
may be applied to the bunch, as shown in Fig. 2. 

The output bunch is passed through a magnetic field, separating 
electrons according to their energy modulation. Dispersion by the 
magnet may be enhanced by shaping the pole pieces as in Fig. 1, 
where the dispersion angle ¢ may be made as large as desired by 
adjusting parameters a and @ in the expression 


pasin-{ (21) sin] srl (* -1) sn. 


Calculations for a typical case, using parameters indicated 
below, show cavity height: 4 cm; cavity power: 0.4 megawatt; 
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Fic. 1. A scheme for measuring bunch length by energy modulation. 


wavelength: 10 cm; electron energy: 1.53 Mev; magnet dimen- 
sions: a=32.25 cm; @=12°; drift distance d: 1 meter; magnetic 
flux density: 1000 gauss; bunch length L to be measured: 0.3 mm; 
resulting display width }: 3.9 cm. 

Thus, a bunch of length 0.3 mm produces a display of width 
3.9 cm. 

The high-power cavity necessary for modulation should not 
present a serious problem, since such equipment will already be 
needed for creating the beam. If desired, several lower-power 
cavities in tandem may be used instead. Since the energy added per 
cavity varies as the square root of the cavity power, such a system 
may be more economical. 

Phasing will not be critical, since the energy added per phase 
increment is nearly constant over 60° of rf phase. 

The limit of resolution in bunch length is determined by the 
energy distribution of the electrons. Although a monoenergetic 
bunch may be measured to arbitrarily small dimensions, an energy 
distribution has a definite limit, determined by the cavity power. 
For example, an energy variation from 1.50 to 1.565-Mev limits 
the minimum bunch length to be measured with the 0.4-megawatt 
cavity to about 1 mm (3.6° of rf phase), with an accuracy of +0.4 
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Fic. 2. Conversion of space (time) variation to energy variation. 


mm. Nevertheless, in the present state of the art, direct measure- 
ment of high-energy bunched beams (space bunching on the order 
of 1 mm, or pulse time of 10~ second) are extremely difficult; so 
that accuracies of +50 percent can be considered as an achievement. 


* Work Supported by Air Force Cambridge Research Center. 

1P, D. Coleman, “‘Theory of Generation of Submillimeter Waves by 
Accelerated Electrons,’ AF 18(600)-23. Engineering Report No. 1.1, 
Electrical Engineering Research Laboratory, University of Illinois. 

2H. Motz, J. Appl. Phys. 22, 527 (1951). 

Quarterly Report No. 3 on Contract No. AF 19(604)-524. Electrical 
Engineering Research Laboratory, University of Illinois. 
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PROGRAM 


Proceedings of the Electron Microscope Society of America 


HE annual meeting of the Electron Microscope 
Society of America was held at The Pocono 
Manor Inn in Pocono Manor, Pennsylvania, on Novem- 
ber 5, 6, and 7, 1953. Titles and abstracts of the papers 
presented are given below. 


Scientific Papers. I 
General Papers 


1. Report on the 1953 Meeting of the Deutsche Gesellschaft 
fiir Elektronenmikroskopie. RaLpH W. G. WyCKOFF AND 
Tuomas F. ANDERSON, Official Representatives of the EMSA, 
The American Embassy, London, and the Johnson Foundation, 
The University of Pennsylvania, Philadelphia, Pennsylvania 
(20 min). 


2. The NYSEM Bibliography of Electron Microscopy.' 
KENNETH T. Morse, Dan H. Moore, Ann A. R. T. DENUEs, 
Care of The New York Society of Electron Microscopists, The 
New York Academy of Sciences Building, 2 East 63rd Street, 
New York, New York.—The organization of the Bibliography 
of Electron Microscopy currently being published by the New 
York Society of Electron Microscopists is presented. The 
efficient use of edge-notched cards for retrieving information 
from the file is illustrated. The Bibliography Committee of the 
NYSEM has included, in addition, to the foregoing, Dr. C. 
Morgan, Dr. R. G. Picard, Dr. K. R. Porter, and Dr. H. 
Ruska. 


1 To be presented as a demonstration. 


Instrumentation 


3. Improvements on the Electron Microscope Specimen 
Stage. H. HALMA AND J. HILLiER, RCA Laboratories Division, 
Princeton, New Jersey.—As the resolution and the ease of 
operation of electron microscopes improved, it became ap- 
parent that a most needed improvement was in the stability 
of the specimen stage. This was to be accomplished with no 
reduction in the ease of control of the stage. The most im- 
portant factors involved are: (1) vibration; (2) drift caused by 
unrelieved mechanical stresses; and (3) thermal drifts. In the 
RCA EMU, securing the specimen holder more firmly in the 
stage, and changing the design to put the sliding contact be- 
tween the stage and the rigid casing of the objective lens coil, 
considerably reduces the vibration of the stage. Modifying the 
vertical springs to make them play their true role as hinges 
reduced both vibration and mechanical drift. No means of 
eliminating thermal drift has been devised. However, it can be 
reduced by allowing time for the specimen chamber, objective 
coil, stage and specimen holder to come to thermal equilibrium 
and using that electron optical system which permits the 
shortest possible exposure times.! 


1 James Hillier, J. Appl. Phys. 23, 157(A) (1952). 


4. Electrostatic Compensation of Magnetic Electron 
Lenses. JoHN H. REISNER, Radio Corporation of America, 
RCA Victor Division, Camden, New Jersey.—A cylindrical 
electrostatic lens is superimposed upon a standard magnetic 
objective by arranging six or more radially symmetrical elec- 
trodes in the mid plane of the pole piece. By appropriate 
choice of potentials on the several electrodes a cylindrical 


electrostatic lens is formed at a given azimuth and lens 
strength. Using the cylindrical lens to correct for the aniso- 
tropic astigmatism of the magnetic lens, compensation is rapid 
and complete to the limits of resolution imposed by other 
factors. Compensation is possible using negative potentials, 
or positive potential at 90° to the negative, or a combination 
of the two. Negative potential is appreciably more effective in 
compensation. Estimates are made of the stability required 
in the potential source and of the required accuracy of voltage 
and azimuth setting. Electrical means are shown that provide 
independent setting of the strength and azimuthal orientation 
of the compensating electrostatic lens. 


5. Exposure Meter for the Electron Microscope: Descrip- 
tion and Applications.* A. OBERLIN (MATHIEU-SICAUD), 
J. GUILLAUME, AND G. CHAUME, Laboratoire de Mineralogie de 
la Sorbonne et Laboratoire Central des Services Chimiques de 
l’ Etat, France.—This article describes an exposure meter for 
the electron microscope, based on measurement of the electron 
flow. The charges collected are transmitted to an amplifier 
with a gain of 1.25X10°. The time of exposure has been 
measured for all magnifications for a luminosity range of 1 to 
20. Measurements have been made for several emulsions for 
standard conditions of development. The apparatus has been 
used to reduce to practice a series of developers permitting the 
gamma of the emulsion to vary from 1 to 7. It has been possible 
to modify importantly the granulation and the contrast of the 
negatives. In particular we have employed optical magnifica- 
tions of 20X, retaining medium grain (gold sol). It has been 
possible also to increase the contrast of certain difficultly 
visible specimens (clays of the IIlite type). 


* This paper is to be published in full in the Bull. Soc. Franc. Miner. 
To be presented by H. Halma. 


6. Image Formation of Individual Atoms and Molecules 
in the Field Emission Microscope. E. W. MULLER,' Depart- 
ment of Physics, The Pennsylvania State College, State College, 
Pennsylvania.—Evidence for the visibility of single atoms and 
molecules is completed by some new experiments. A hypothesis 
for understanding the large contrast to be observed with big 
atoms and particularly with medium-sized organic molecules 
is given. This is based on the potential level shift and the wave- 
mechanical transition of conduction electrons through a for- 
bidden zone within the adsorbed particle. 


t Introduced by the Program Chairman. 


7. Emission Microscopy of Metals and Alloys. R. D. 
HEIDENREICH, Bell Telephone Laboratories, Inc., Murray Hill, 
New Jersey.—An electrostatic emission microscope patterned 
after that of Mechlenberg! is briefly described. The instrument 
utilizes an immersion objective of 3-4 mm focal length with 
negative focusing grid and an accelerating potential con- 
tinuously variable from 12 kv to 30 kv. The projector is a 
double lens allowing magnifications of 1000, 2000, and 
3500 X ; a magnification of 250 is obtained using the objec- 
tive alone. The application of emission microscopy to high- 
temperature transformations in metals and alloys is discussed, 
with examples illustrating the types and quality of images 
obtained. The problem of selecting activators for different 
metals is a major one in the general application of the instru- 
ment to metallurgical structures. However, in the present early 
state of development, it is possible to study transformations, 
phase changes, and diffusion as well as recrystallization and 
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grain growth in metals. A resolution of better than 1000A is 
demonstrated. 


1W. Mechlenberg, Z. Physik 120, 21-30 (1942). 


8. A Modified Simple Ultramicrotome.' J. HILLIER AND 
G. B. CHapMAN, RCA Laboratories Division, Princeton, New 
Jersey.—The microtome described previously? was modified 
by relocating the thermal element near the rim of the specimen 
wheel and using expansion rather than contraction for the 
advance. This greatly reduced the quality required in the 
bearing. The use of long fixation times (16 to 20 hours) 
eliminated the explosions which had previously occurred on 
the polymerization of the methacrylate. The addition of 0.8 
percent NaCl appeared to improve the fixation. 


1 To be presented as a demonstration. 
2 J. Hillier and G. B. Chapman, J. Appl. Phys. 24, 112 (1953). 


9. Sliding Microtome for Thin Sections. Ricuarp F. 
BAKER, School of Medicine, University of Southern California, 
Los Angeles, California.—A microtome has been built for thin 
sectioning which incorporates a 14° cutting angle in contrast 
to the usual 90° angle. The specimen is mounted near the edge 
of a vertical disk 25 cm in diameter which is motor-driven at 
30 rpm. The knife edge is horizontal and mounted in such a 
way relative to the disk that a section is cut at each transit 
near the lowest point of the circle. Due to the small angle 
between block and knife, the effective length of the cutting 
edge is about 24 mm. Knife advance is by a thermally activated 
mechanism. Advantages are reduced compression, relative 
insensitivity to specimen hardness, and a much smaller effec- 
tive bevel angle than could be realized mechanically. 


10. A Simple New Microtome for Ultra-Thin Sectioning. 
A. J. Hopce, H. E. Hux.ey, anp D. Sprro,* Department of 
Biology, Massachusetts Institute of Technology, Cambridge, 
Massachusetts—A simple, easily constructed microtome is 
described which requires virtually no precision machining and 
has been found to cut sections of about 300A in thickness, or 
less. The instrument utilizes thermal advance and is of the 
“single pass” type. A unique feature is the avoidance of bear- 
ing surfaces in the moving link, which consists of a length of 
flexible steel wire rigidly held at both ends. The elimination of 
bearing surfaces makes for a high degree of reproducibility of 
section thickness. A number of typical sections are shown. 


11. An Improved Electron Diffraction Instrument. May- 
NARD J. COLUMBE* AND STERLING P. NEWBERRY, General 
Engineering Laboratory, General Electric Company, Schenec- 
tady, New York.—The General Electric electron diffraction 
instrument has been redesigned for ease of operation and 
improved reliability. A fortunate choice for the basic design 
of the previous model has made possible the use of many new 
features that can be adapted to existing instruments. Choice 
of optics, pumping speeds, and general improvements are 
discussed. 


12. A New Pumping System for the Electron Diffraction 
Instrument. SELBY E. SuMMERS, General Engineering Labora- 
tory, General Electric Company, Schenectady, New York.— 
The new high-capacity pumping system of the electron diffrac- 
tion instrument is described. It is based on a 4-in. water- 
cooled oil diffusion pump with “by-pass” valve arrangement. 
Besides the regular components of a high vacuum system, 
2}-in. and a 3-in. swing check valves have been incorporated 
which should have general application. These inexpensive 
valves may be purchased from most plumbing suppliers and 
with minor changes are converted into neat and efficient 
vacuum valves. In order to operate the system by pushbutton 
control, small motors are used to actuate the valves. 


13. Comparison of Electrostatic and Electromagnetic Focus- 
ing for the X-Ray Shadow Microscope. S. P. NEwsBeErry,* 
General Engineering Laboratory, General Electric Company, 
Schenectady, New York, anD W. C. Nrxon, Cavendish Labora- 
tory, Cambridge, England.—A comparison of electrostatic and 
electromagnetic x-ray shadow microscopes is presented. Each 
version is shown to have certain inherent advantages. The 
electrostatic has greater stability for long exposures—is 
unaffected by demagnetized ferrous specimens, less expensive, 
and requires less complex power supplies. The magnetic micro- 
scope is disturbed by demagnetized ferrous specimens but has 
greater intensity for the same resolution. Intensity is shown 
to vary as (1/C,?)! and as 1/F*, where C, and F are the spheri- 
cal aberration constant and focal length, respectively. 


Techniques 


14. The Use of Protein Films as Supporting Membranes 
in Electron Microscopy. RicHarp E. HARTMAN, Department 
of Epidemiology, Virus Laboratory, School of Public Health, 
University of Michigan, Ann Arbor, Michigan.—The loss of 
contrast that results from electron scattering by the support- 
ing membrane is one of the more important conditions limiting 
the information obtainable from an electron micrograph. In 
an earlier report! a method was described for the preparation 
of particulate specimens using monomolecular films trans- 
ferred to collodion substrates. If such monomolecular films 
could be strengthened to support the specimens themselves, 
a great increase in contrast could be obtained. Although this 
has not yet been achieved, a protein film capable of supporting 
particulate specimens can be produced by collapsing the 
monomolecular film, increasing the surface pressure slowly 
to thirty or forty dynes per centimeter. Such films are prob- 
ably no more than a few molecules thick and produce much 
less electron scattering than conventional collodion or Formvar 
films. The present report discusses methods for producing and 
supporting such films and shows representative micrographs 
of biological specimens. 


1 Hartman, Green, Bateman, Senseney, and Hess, J. Appl. Phys. 24, 
90-92 (1953). 


15. An Investigation of the Collimation Mode in Shadow 
Casting. L. E. Preuss, Edsel B. Ford Institute for Medical 
Research, Detroit 2, Michigan.—An experimental study of the 
nozzle method! of shadowing is outlined. A critique of the 
method is made and a discussion of the mechanism given 
through quantitative assay of film thicknesses of Cr-Cr® and 
Au: Au" computed by means of the tracer technic. Scattering 
and the case for improved shadows with the nozzle method 
are described. Collimation schemes are discussed and corre- 
lating observations given along with macro- and gross- 
autoradiography of the collimated and uncollimated beam. 

1T. Hibi, J. Appl. Phys. 23, 957 (1952). 


16. A New Method for Intracellular Observations: Ad- 
hesion Partitioning. Ropert C. Backus, Virus Laboratory, 
University of California, Berkeley, California.—Bacteria are 
air-dried on a collodion film, covered by a second collodion 
film, and the ensemble moistened by condensates from gently 
exhaled breath. The bacteria adhere to the film surfaces in 
contact with them. On separating the two films the bacteria 
are torn apart. By separating the films with a pair of matched 
grids in apposition on either side of the ensemble, correspond- 
ing fields can be obtained on electron micrographs which show 
the two parts of a partitioned bacterium. The process of en- 
veloping and partitioning can be repeated to obtain further 
distributions of cellular remains. 


17. Preshadowed Replication of Biological Material for 
Electron Microscopy. C. W. MeEtton, Battelle Memorial 
Institute. Columbus, Ohio.—A method will be described which 
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permits the preshadowed replication of biological subjects. 
The technique involves the production of a final composite 
platinum-silica negative replica. This is a true replica, free 
from the specimen. As a result, enhanced contrast and resolu- 
tion characteristic of the preshadowed replica are obtained. 
This technique extends the usefulness of the electron micro- 
scope in the examination of bacteria and other biological 
specimens. 


18. The Critical Point Method for Drying Electron Micro- 
scope Specimens.':? THomas F. ANDERSON AND Car F. 
Oster, JR., The Johnson Foundation, University of Pennsyl- 
vania, Philadelphia 4, Pennsylvania.—The equipment re- 
quired for drying biological and colloidal specimens by the 
critical point method* will be displayed, and the procedure by 
which surface tension artifacts are reduced to a minimum will 
be demonstrated. Stereoscopic electron micrographs of air- 
dried and critical-point-dried specimens will be on display to 
illustrate the advantages and limitations‘ of the method. 


1 To be presented as a demonstration. . ? 
? This work was supported by a contract between the Office of Naval 


Research, Department of the Navy and the University of Pennsylvania. 
4T. F. Anderson, J. Appl. Phys. 21, 724 (1950); 23, 158 (1952); Trans. 
N. Y. Acad Sci. II., 13, 130-134, (1951); Am. Nat. 86, 91-100 (1952). 
4T. F. Anderson, J. Appl. Phys., 24, 117 (1953). 


19. Migratory Recrystallization of Ice at Low Temperatures. 
Haro_tp T. MERYMAN AND EMANUEL KariG, Naval Medical 
Research Institute, National Naval Medical Center, Bethesda, 
Maryland.—Ice formed by slow condensation in vacuo onto 
a surface cooled by liquid nitrogen shows no visible crystallites 
when replicated by vacuum evaporation for electron micros- 
copy. After subsequent warming to temperatures from 
— 120°C to —65°C for periods of one to eight minutes, large 
crystallites may be seen. Crystallite size bears a linear rela- 
tionship to the integral of the vapor pressure of the ice with 
temperature throughout the warming period. This suggests 
that in freeze-drying tissue for microscopy, migratory re- 
crystallization during drying rather than inadequate freezing 
rates may be an ultimate barrier to the production of sections 
free of ice artifacts. 


20. The Fixation of Microorganisms for Electron Micros- 
copy. L. E. Roru, Division of Biological and Medical Re- 
search, Argonne National Laboratory, Lemont, Illinois.— 
Fixation techniques for Paramecium and for several bacteria 
have been studied. Sections were cut at 0.054 and studied 
for quality of fixation, in preparation for more detailed work. 
For Paramecium the correspondence in detail observed under 
phase microscopy and that revealed after fixation indicates 
that a buffered osmium tetroxide solution is the fixative of 
choice. The effects of hydrogen-ion concentration and of 
concentration of fixative were observed. For bacteria, OsO, in 
buffered solution was among the most satisfactory. Problems 
associated with the preparation of microorganisms for study 
are discussed, and sections illustrating the results are shown. 


Scientific Papers. II 
Applications 


(1) Physical and Chemical 


21. The Structure of Some Thin Copper Oxide Films 
Formed on Single Crystal Faces. W. W. HARRIS* AND FRANCES 
L. Bat, Carbide and Carbon Chemicals Company, K-25 Plant, 
Oak Ridge, Tennessee (15 min).—Results of an electron micro- 
scope examination of thin copper oxide films removed electro- 
lytically from large single crystals of copper are reported. 
Evidence that the oxide formed at 200 to 250°C on the 311 
face grows by nucleation is presented. 


22. Electron Optical Studies of the Initial Stage of Oxida- 
tion of Pure Iron Single Crystals. Ear: A. GULBRANSEN AND 
WituiraM R. McMILLAn,* Research Laboratories, Westinghouse 
Electric Corporation, East Pittsburgh, Pennsylvania (15 min).— 
Bardolle and Bénard' have recently shown that “germs” of 
oxides are formed when Armco iron is oxidized at 850°C and 
oxygen pressures of 10-? to 10-* mm Hg. These “germs” have 
definite shapes, and are oriented with respect to the under- 
lying metal. The present work extends these observations 
using electron microscopic and electron diffraction methods 
with highly annealed and electrolytically polished specimens 
of pure iron. The several stages of oxidation at 850°C are 
studied by varying the time of oxidation, the oxygen pressure, 
and the carbon content of the iron. The first stage of oxidation 
is the formation of a uniform oxide film of randomly oriented 
crystallites. As the oxidation continues a few of the oxide 
crystallites grow rapidly. The crystallites have uniform shape 
and are oriented to the metal crystals. The number of these 
crystals increases with the oxygen pressure and with the time 
of oxidation. Unique shapes form for each orientation of the 
metal crystal. On further oxidation these crystals grow to the 
massive oriented oxide crystals associated with thick oxide 
films of iron. 


! J. Bardolle and Jj. Bénard, Rev. mét. 49, 613-622 (1952). 


23. Decompositions of Inorganic Specimens During Ob- 
servation in the Electron Microscope. Ropert B. FIscHeEr, 
Chemistry Department, Indiana University, Bloomington, 
Indiana (15 min).—A series of experiments has been conducted 
to ascertain the nature of the decomposition of several types of 
inorganic specimens during observation in the electron micro- 
scope. Selected area electron diffraction techniques have been 
employed in conjunction with electron microscope observa- 
tions. Large crystals of some substances, e.g., sodium chloride, 
sputter to form many smaller crystals of the same substance. 
Low melting substances, e.g., ammonium chloride, appear 
merely to melt. The silver ion of silver chloride is reduced to 
free silver; other reductions have also been observed. Some 
substances undergo changes in crystallinity without change 
in microscopic appearance. Selected area electron diffraction 
techniques in conjunction with electron microscope observa- 
tion make it possible to recognize and to make useful applica- 
tions of such decompositions. The latter point is illustrated, 
e.g., in the study of the hydrolysis of stannous fluoride solu- 
tions. 


24. The Relation of Morphology and Dimensional Changes 
on Mercerization of the Primary Wall of Cotton Fiber. VERNE 
W. Tripp,* ANNA T. Moore, AND Mary L. Roiiins, Southern 
Regional Research Laboratory, New Orleans, Louisiana (15 min). 
—The structure of the primary wall of the cotton lint fiber, 
as revealed by light and electron microscope studies, is de- 
scribed. The wall is a thin membrane consisting of cellulose 
fibrils laid down in two systems, one transversely and the other 
axially oriented, the whole impregnated with apparently 
amorphous material made up of waxy, pectic, and protein- 
aceous substances. The noncellulosic phase of the wall is 
thicker on the outer than on the inner side of the cellulose 
fibril phase. On treatment of the primary wall with 18 percent 
sodium hydroxide, i.e., mercerization, the wall shrinks ir- 
reversibly in both transverse and axial directions. The extent 
of the shrinkage increases with progressive removal of non- 
cellulosic material from the wall by extraction procedures. 
The relative amount of shrinkage in each direction is related 
to the orientation of the cellulose fibril systems present in the 
wall, and to the restriction of shrinkage by the noncellulosic 
material present. 


25. Abrasion of Fibers and Guides in Manufacturing 
Cellulose Acetate Yarn. Vinci. PEcK AND WILBUR Kaye, 
Research Laboratories, Tennessee Eastman Company, Division 
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of Eastman Kodak Company, Kingsport, Tennessee (15 min).— 
The abrasion of cellulose acetate fibers by yarn guides was 
studied to determine the extent of abrasion caused by various 
guide materials. Surfaces of fibers which had been run over 
new or worn ceramic or metallic guides were examined in the 


. electron microscope. Ceramic guides cause a sticking and 


chattering type of abrasion which results in very rough sur- 
faces. Metallic guides cause a shearing of the surface layer and 
leave much smoother abraded regions. Both ceramic and 
metallic guides become rougher with wear. It appears that 
metallic guides are superior as they produce less abrasion of 
the yarn; however, they are more expensive because they 
must be replaced more often. 


26(A). An Improved Replica Technique for Electron 
Microscopy of Paint Films. ALLEN S. PowELL,* Epwarp G. 
BoBALEK, AND Louris R. LEBrRas, Chemistry Department, 
Case Institute of Technology, Cleveland, Ohio (15 min).—Im- 
proved polyvinyl alcohol-silica replica techniques are de- 
scribed which allow for more accurate examination by electron 
microscopy of pigment-derived microstructure in paint films. 
These methods complement the silver-silica techniques,' which 
are preferable only for studying much finer details, such as 
molecular configurations and small distortions of the resinous 
binder. Procedures have been developed for stripping un- 
altered baked enamel films from tin plate. The underside of 
these free films can be examined with the improved replica 
techniques, and it is possible to study differences in top and 
bottom structure of paint films. Applications of the refined 
replica techniques in the study of paint films are presented. 

‘ Barnes, Burton, and Scott, J. Appl. Phys. 16, 730-739 (1945). 


26(B). Electron Microscopy of Paint Films. CHARLEs 
Mares, Microscopical Laboratory, Calco Chemical Division, 
American Cyanamid Company, Bound Brook, New Jersey.— 
The factors in determining the body reflectance of pigmented 
films are chemical constitution, crystal structure, and particle 
shape and size, together with the effectiveness of dispersion 
of the pigments in the vehicle. Surface-reflecting character- 
istics, such as bronze, gloss, luster, chalking, orange peel, 
etc., are dependent upon the properties and aging of the pig- 
mented film formed. Electron microscopical studies of cross 
sections of various pigmented films reveal structural informa- 
tion. Electron microscopical replicas of the surfaces of paint 
films will be included to illustrate the structural details im- 
portant as potential bases for the optical characteristics of 
pigmented films. 


27. Structure of Evaporated Bismuth Films as a Function 
of Thickness. Harry U. Ruoaps,* P. J. BRYANT, AND A. H. 
WEBER, Department of Physics, St. Louis University, St. Louis, 
Missouri (15 min).—A study of particle size, growth, struc- 
ture, population density, and aging of evaporated bismuth 
films 2 to 500A thick has been made. Film thickness was de- 
termined by a radioactive tracer method.' The particle size 
and growth information obtained by electron microscopy was 
indirectly confirmed by electrical conductance measurements.? 
The region 2-10A is characterized by random fern-like 
(dendritic) structures. For greater thicknesses discrete particles 
are observed which increase in size with film thickness up to 
about 90A. In this range, the electrical conductance remains 
sensibly constant at 2.1 10~* mho™. In the transition region 
90-120A, the conductance increases rapidly and the film 
becomes continuous. For still greater thicknesses, the conduc- 
tance increases to 1.4X10-? mho™, and the film structure is 
virtually continuous. The relation of particle size and film 
thickness is reasonably linear. Electron diffraction patterns of 
the Bi films studied exhibited orientation effects. 


1J. J. Antal and A. H. Weber, Rev. Sci. Instr. 23, 424-426 (1952). 

2 Bryant, Rhodes, and Weber, “Electrical conductance and structure 
studies of thin bismuth films evaporated on glass," Albuquerque Meeting, 
Am. Phys. Soc. September 2-5, 1953. 


28. Replica Studies of Bulk Clays. J. J. Comer* anv J. W. 
TurRLeEy, School of Mineral Industries, The Pennsylvania State 
College, State College, Pennsylvania (15 min).—The electron 
microscope examination of the surfaces of bulk clays by 
replica techniques is difficult because of the porosity of the 
clays and the necessity of using hydrofluoric acid to dissolve 
the clay from the replicas. The surfaces of several clays of 
different degrees of porosity were examined by means of col- 
lodion, silica, and pre-shadowed replicas. A comparison of the 
collodion and silica replicas with the pre-shadowed replicas as 
standards illustrates the type of artifacts encountered in the 
study of these materials. The pre-shadowed replicas, prepared 
by shadowing the clay surface. directly with platinum and 
backing with Duco cement, proved of most value in making 
possible the study of the size, shape, and orientation of clay 
particles as they occur in the bulk form. For example, the 
surface of the most porous halloysite clay is seen to consist of 
tubes showing random orientation. 


29. Study of Linseed Oil at the Surface of Titanium Di- 
oxide Pigment by High Resolution Electron Micrography. 
WiLuraM R. Lasko AND LAWRENCE S. WuirteE, National Lead 
Company, Titanium Division, Research Laboratory, Sayreville, 
New Jersey (15 min).—Electron micrographs of particulates 
have often been noted to give a very fuzzy appearance, which 
cannot be completely associated with the intrinsic surface of 
the material. By means of a high resolution technique it 
has been found that such surface characteristics may be due 
to the presence of adsorbed dispersant. A study has been 
made of the surface roughness of particles of titanium dioxide 
pigment, as well as of the fuzziness developed upon the addi- 
tion of various amounts of unpolymerized and polymerized 
linseed oil dispersants. In some instances the nonuniform ad- 
sorption of these oils indicates the heterogeneous nature of 
the particle surface. The need for the use of controlled amounts 
of dispersant when studying the intrinsic surface character 
istics of particulate materials is indicated. Specimen contami- 
nation by the action of the electron beam is shown to be 
absent under the conditions employed in this study. 


30. Recent Applications of the X-ray Microscope.' JAMEs 
F. Norton,? General Engineering Laboratory, General Electric 
Company, Schenectady, New York.—Most recent photographs 
taken with the x-ray microscope are shown. Subjects will 
include materials from the fields of general industry, metal- 
lurgy, and biology. 


1 To be presented as a demonstration. 
? Introduced by Sterling P. Newberry. 


Scientific Papers. III 
Applications (Continued) 
(2) Viruses 


31. The Cycle of Development of a Mycobacteriophage in 
Its Host Cell. GrusEpPE PENsO,' Instituto Superiore de Sanita, 
Roma, Italia.—The present researches have been made with 
the Phagus lacticola (P. and O.) induced on the acid-fast 
Mycobacterium Battaglini. This is an excellent material for the 
study of the mycobacteriophage system because once infected 
with the phage it becomes transparent to electrons. Phagus 
lacticola, as other phages, comprises a head and a tail, both 
covered by a unique membrane. Inside it is possible to see a 
certain number of small granules, which, after the phage has 
been absorbed by the germ, penetrate the cell, leaving outside 
only an empty membrane. Once inside the cell the granules 
multiply, giving a moruliform body which later resembles a 
corn-cob. The round elements of this formation show a very 
small central vacuole. In time this vacuole enlarges and these 
elements become larger and detached, assuming an annular 
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shape. Once detached, they multiply in two or four and form 
a rosette. The single elements detach from the rosette; each 
one assumes a short flagellum, which then elongates, while the 
annular element swells and assumes the form of a mature 
phage, which is freed by rupture of the cell. The phages there- 
fore have a complex cycle of development inside the host: 
the various phases we have been able to see are in accordance 
with the cycle of other living organisms and are shown here by 
a series of electron micrographs. 


' Introduced by the Program Chairman. Presenter to be announced. 


32. Morphology of Intracellular Meningopneumonitis Virus. 
W. H. Gaytorp, Jr.,* A. J. Grrarpi, H. BuNTING, AND J. L. 
MELNICK, Section of Preventive Medicine and Department of 
Pathology, Yale University School of Medicine, New Haven, 
Connecticut.—The intracellular development of meningo- 
pneumonitis virus is characterized by at least three distinct 
structures. The first is a dense, osmiophilic, amorphous mass 
of varying size and shape. Secondly, spheres are seen which 
appear as empty circles or circles filled with material of low 
electron density. They are not uniform in size and exhibit a 
great variation ranging from 240 mpg to 720 my. The third 
structure observed is more uniform, having a diameter of 
240 mu. It has thick walls, a dense, central granule and has 
tentatively been identified as the mature virus or elementary 
body. Meningopneumonitis virus is a member of the psitta- 
cosis group, and the observed structures seem to be entirely 
analogous to those described by Bland and Canti! in a study 
of the development of psittacosis virus. Irregular structures 
frequently seen include pairs of the spheres with continuous 
internal material suggesting fission or budding, large spheres 
containing several granules, and clusters of spheres. 


1 J. O. W. Bland and R. G. Canti, “Growth and development of psitta- 
cosis virus in tissue cultures,"’ J. Path. and Bact. 40, 231-241 (1935). 


33. The Development of Herpes Simplex Virus Particles, 
Their Relationship to Nuclei, and the Spread of Infection 
within Chorioallantoic Membranes. CouNCILMAN MorGan,* 
Soton A. ELiison, Harry M. Rose, AND Dan H. Moore, 
Columbia University College of Physicians and Surgeons, 
New York, New York.—Spherical particles assumed to be 
herpes simplex virus have been found in the nuclei, cytoplasm, 
and extracellular space of the ectoderm and mesoderm of 
chorioallantoic membranes. They vary in diameter from 40 to 
260 mu. It is suggested that the particles form and attain a 
maximum diameter of 130 my within the nuclei. Further in- 
crease in size appears to occur after their release into the 
cytoplasm. The spread of virus through the mesoderm and its 
presence in endothelial cells lining the capillaries are described. 


34. Electron Microscopy of Poliomyelitis Virus (Mahoney 
Tissue Culture Strain). A. R. TayLor aNp M. J. McCormick, 
Research Department, Parke, Davis and Company, Detroit, 
Michigan.—The Mahoney strain of poliomyelitis virus grows 
consistently in roller tube cultures of monkey kidney tissue 
to yield harvest fluids with titers of 10~* or better. The virus 
is readily concentrated and separated from extraneous ma- 
terial in such infectious tissue culture fluids by ether extrac- 
tion and ultracentrifugation. Such concentrates (200 to 400 x) 
diluted to the original concentration, possess tissue culture 
titers equivalent to the starting material. Examination with 
the electron microscope, using pseudo-replicas or the collodion 
over agar filtration technique, reveals spherical particles of 
uniform size. Several hundred individual particle measure- 
ments gave an average diameter of 33.0 millimicrons with a 
range of 29.6 to 34.8. When placed upon the collodion film in 
sufficient concentration, the spheres reveal a tendency to 
cluster in close-packed array ; particles in such arrays measure 
approximately 25 my. The studies of Melnick, ef al.,) by 
means of sedimentation and filtration, suggest a particle size 


of about 28 my for Lansing poliomyelitis virus. Schwerdt and 
Bachrach have obtained similar findings with Lansing virus 
from C.N.S. tissue.? These particles are aggregated by homolo- 
gous immune sera. In size and morphology, these particles 
appear to be quite similar to those of the Coxsackie virus 
preparations obtained by Breese.* 

: Reet. Rhian, Warren, and Breese, Jr., J. Immunol. 67, 151 (1951). 


Schwerdt and H. L. Bachrach (personal communication, to be 
published i in J. Immunol.) 


S. Breese, Jr., and A. Briefs, Proc. Soc. Exptl. Biol. and Med. 83, 
119 (1953). 


35. The Breaking of Tobacco Mosaic Virus Using a Freeze 
Drying Method. R. V. Rice, PAuL KAESBERG, AND M. A. 
STAHMANN, University of Wisconsin, Madison, Wisconsin.— 
An electron microscope study shows that a small percentage 
of the particles of tobacco mosaic virus break into smaller 
units when they are sprayed onto a cold substrate under ap- 
propriate conditions and subsequently dried. The broken units 
have the same diameter as the original rods, a fairly narrow 
distribution of lengths about 400A, and a linear arrangement. 
Examples are shown of broken particles prepared by several 
variations of the technique including the mounting of film 
directly on metal blocks and a subsequent transfer to grids. 
Larger amounts of broken virus have also been prepared by 
spraying onto cold surfaces, drying, taking up in small amounts 
of water, and differentially centrifuging the solution. The 
supernatant of a two-hour centrifugation at 140000 g of a 
solution of predominantly small particles shows a large in- 
crease in absorption at 2650A wavelength for a given amount 
of nitrogen, indicating that some free nucleic acid is present 
or is associated with the very small particles. Solutions of the 
broken rods were less infective than solutions of normal rods. 


36. Use of the Electron Microscope in Determining Elec- 
trophoretic Mobility and Sedimentation Velocity of Virus in 
Blood Plasma. D. Gorpon SHarp, Duke University, Durham, 
North Carolina.—Highly infectious plasmas from chickens 
with Avian Erythromyeloblastic Leukosis contain particles of 
100 to 120 my diameter in numbers ranging from 10" to 10" 
per ml plasma. These plasmas contain also an enzyme capable 
of dephosphorylating ATP. In order to investigate the rela- 
tionship between the particles, the enzyme, and the infec- 
tious agent, dilute plasmas were subjected to electrophoretic 
analysis at pH 6.0, 6.5, 7.5, and 8.5 in a five-section glass cell. 
After each run the five cell sections were titrated in chickens 
assayed for enzyme and the particles counted by the method 
of sedimentation on agar. Electron micrographs of shadow- 
cast pseudoreplicas of the agar surface showed the number of 
particles present in each cell section to be closely proportional 
to both enzymatic activity and infectivity. Analogous experi- 
ments with a capillary cell in the ultracentrifuge showed again 
that the supernatant plasma in several runs possessed pro- 
portional amounts of enzyme, particles, and infectivity. It is 
concluded that the particles seen in the electron microscope 
are the virus and that the enzyme is probably a part of this 
particle. 


(3) Particles Associated with Cancer 


37. Detection of the Mammary Tumor Inciter (MTI) 
in Thin Sections of Spontaneous Mouse Tumors. F. B. BANG 
AND H. B. ANDERVONT, The Johns Hopkins University, 
Baltimore, Maryland, and the National Cancer Institute, 
Bethesda, Maryland.—Spontaneous mammary tumors in C3H 
mice known to carry the agent of mammary tumors, were fixed 
in osmium and sectioned. Many cells contained virus-like 
particles with dense centers and were similar to those reported 
by Porter and Thomson in tissue cultures. Nineteen tumors, 
of which 6 came from mice known not to have the agent and 
13 from mice known to have the agent, were then examined 
without knowledge of their identity. A positive or negative 
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diagnosis was made on the basis of the presence or absence of 
the particles. The electron microscopical and biological findings 
agreed in all but three instances. In two of these, which presum- 
ably had small amounts of MTI, none was found in the elec- 
tron microscope. The third was called positive by the electron 
microscopist, but biological evidence for the presence of the 
agent was lacking. The presumed agent was seen only in the 
cytoplasm; it occurred in clumps and in masses. Individual 
particles were contained in elongated microvilli from which 
the virus might escape without destroying the cell. 


38. A Study in the Electron Microscope of Thin Sections 
of Normal and Malignant Mammary Tissues of Mice. LEon 
DmocHowskI,* CUSHMAN D. HAAGENSEN, AND Dan H. 
Moore, Departments of Microbiology and Surgery, College of 
Physicians and Surgeons, Columbia University, New York.— 
Electron micrographs of thin sections of lactating breast tis- 
sues and of mammary tumors from several strains of mice are 
shown. The sections of normal and malignant tissues from 
several strains of mice with high or low incidences of breast 
cancer are discussed, and the difficulties of interpretation of the 
material prepared by various means are presented. 


39. Some Recent Observations on the Examination in the 
Electron Microscope of Extracts of Normal and Malignant 
Tissues of Mice of Strains with High or Low Incidences of 
Breast Cancer. W. T. Astspury, L. DmMocHowskI,* AND A. 
MILLARD, Department of Biomolecular Structure, and Depart- 
ment of Experimental Pathology and Cancer Research, Uni- 
versity of Leeds, Leeds, England.—Having recently extended 
our earlier studies so as to include a comparison of mammary 
tumor tissues of RIII mice with high cancer incidence and of 
RIIIb mice with low cancer incidence, we have also made a 
critical examination of the techniques for studying biological 
particulates and extracts in the electron microscope. The 
present communication reports on the serious pitfalls in the 


use of various bacteria-retaining filters, trypsin preparations, 
and the like. 


40. A Particulate Component in the Blood Plasma of 
Transmitted Mouse Leukemia. E. DE Rospertis,* R. CAn- 
zANI, G. Gasic,'! AND B. EpsteIn, Instituto de Investigacion de 
Ciencias Biolégicas, Depto. de Ultraestructura Celular, Monte- 
video, Uruguay.—Blood and plasma smears of mice with 
transmitted leukemia were studied under the electron micro- 
scope. In 15 white mice of the AK strain and in two black C58 
mice inoculated with the Hch leukemia line of the Instituto 
Biolégico de Chile (372 to 382 transfers) dense submicro- 
scopic particles were found in the blood plasma. In some cases 
isolated particles or clumps of them were found adsorbed on 
the red cell membranes. The particle size ranged between 19 
and 58 mu with a large peak at 38 my. Some of the particles 
showed a tailed structure. The survival time of this leukemia 
line is 5 days, and the submicroscopic particles were con- 
stantly found between the 3rd and Sth day. Similar dense sub- 
microscopic particles were found in blood plasma smears of 
black C58 mice at the 16th day after inoculation with the Ich 
leukemia line (86th transfer). The probable significance of 
these particles is discussed on the basis of the literature regard- 
ing the etiology of mouse leukemia. 


1 From the Instituto de Biologfa, Santiago de Chile. At present, Walker 
Ames Professor of Anatomy, University of Washington, Seattle. 


41. Some Electron Microscope Problems in Cancer Re- 
search. A Review of Recent Work from the French Institute 
of Cancer Research at Villejuif (Paris). W. BERNHARD.'— 
After Claude, Porter, and Pickels had shown virus-like par- 
ticles in cultures of Rous sarcoma cells, many of our investiga- 
tions dealt with tumor cells expected to contain tumor- 
inducing viruses. Most of our findings were negative, though 
many cells contained short chains or colonies of particles some- 


what like viruses, but which were in reality ‘growth granules” 
(Porter) or ‘‘ultrachondriomes” (Oberling). Even cells from 
highly-infective Rous tumors showed no virus-like bodies in 
their cytoplasm, and for many years we were unable to confirm 
the American work. More recently we have found similar 
colonies of granules and real inclusion bodies in some sarcoma 
cell cultures. Quantitative studies on their frequency and 
factors believed to facilitate their occurrence are given. Other 
investigations deal with the problem of ‘‘microsomes’’ and 
the basophilic material of cytoplasm in general. The concept 
of microsomes is extremely vague, and should be defined by 
morphologists. Electron microscope studies of thin sections of 
liver and various glands have revealed many details of their 
structure. This work is based on material embedded in Ester- 
wax. The advantages and limitations of this method are 
discussed. 


1 Introduced by the Program Chairman. 


Scientific Papers. IV 
Applications (continued) 
(4) The Cytoplasm 


42. A Small Particulate Component of the Cytoplasm. 
GrorGE E. PALapDE, Laboratories of The Rockefeller Institute 
for Medical Research, New York, New York.—A granular com- 
ponent of small size and relatively high electron density has 
been regularly encountered in the cytoplasm of various cell 
types. The particles are more or less spherical, rarely rod-like, 
and measure 80 to 300A in diameter, dimensions usually 
ascribed to macromolecules. In most adult cells they are asso- 
ciated with certain vesicular and tubular elements of the 
endoplasmic reticulum, being attached to the outer surface 
of their limiting membrane where they frequently form orderly 
patterns. Other granules, isolated or in clusters, are found 
scattered in the cytoplasm surrounding the endoplasmic 
reticulum. The second (cytoplasmic) nuclear membrane is 
frequently covered with similar granules, whereas the cell 
and mitochondrial membranes are free of them. In embryonic 
or young cells, numerous granules are scattered throughout 
the cytoplasm, with only a few attached to the endoplasmic 
reticulum. The granular component is particularly abundant 
in cells with an intensely basophil cytoplasm (liver cells, 
plasma cells, acinary cells of salivary glands and pancreas, 
lymphoblasts, angioblasts, etc.). This finding, together with 
results obtained in cell fractionation studies, suggests that the 
new component is partially responsible for the cytoplasmic 
basophilia and may correspond to the ultracentrifugal frac- 
tion described by certain cytochemists.' 


1C. P. Barnum and R. A. Huseby, Arch. Biochem. 19, 17 (1948). 


43(A). Fine Structure of Neuronal Cytoplasm. SANForD 
L. PALAY*:! AND GEORGE E. PALapE, Laboratories of The Rocke- 
feller Institute for Medical Research, New York, New York.— 
The organization of the cytoplasm was studied in thin sections 
of neurons from autonomic and dorsal root ganglia, cerebellar 
cortex, and medulla oblongata of the rat. The material was 
fixed in buffered osmium tetroxide and embedded in n-butyl 
methacrylate. The cytoplasm of nerve cells is especially inter- 
esting because of large basophil inclusions (Nissl bodies) con- 
taining pentose nucleic acid. In electron micrographs of sec- 
tions, the Nissl bodies appear as compact masses consisting 
of two components: (1) a meshwork of tubular profiles com- 
parable in three dimensions to the true tubules or flattened 
vesicles of the endoplasmic reticulum; and (2) fine, dense 
granules, 10-30 my in diameter, associated closely with the 
membranes of the endoplasmic reticulum and scattered in 
clusters throughout the cytoplasm, lying in its meshes. The 
Nissl bodies are separated by areas of cytoplasm containing 
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fine filaments (6-10 my in diameter) and mitochondria. In 
addition to these masses of endoplasmic reticulum, there are 
aggregates of other tubules, characterized by closer and more 
parallel packing, smaller diameters, and absence of granular 
material. Intermediate forms between the two types of tubules 
are occasionally encountered. Mitochondria, with the usual 
structure found in somatic cells, are concentrated between the 
Nissl bodies. Small, dense, homogeneous inclusions, presum- 
ably lipid in nature, occur throughout the cytoplasm and are 
particularly sensitive to fixation and dehydration procedures, 
to which they frequently react by swelling. Besides these 
identified structures, the cytoplasm of sympathetic ganglion 
cells contains large, concentrically laminated, membranous 
bodies probably related to the tight bundles of tubules noted 
above. 


1 Permanent address: Department of Anatomy, Yale University School 
of Medicine, New Haven, Connecticut. 


(See page 16 for abstract 43 (B).) 


(5) The Chromosomes and Related Topics 


44. Electron Microscopy of Purified Nucleic Acid Fibrils. 
Rostey C. Wiiiiams, The Virus Laboratory, University of 
California, Berkeley.—Ribonucleic acid from tobacco mosaic 
virus, and desoxyribonucleic acid from calf thymus and from 
bacteriophage particles, have been examined by electron mi- 
croscopy, using specimen mounts prepared in different ways. 
Air-drying is relatively unsatisfactory because the fibrils are 
aggregated by surface tension. Freeze-drying is also unsatis- 
factory because of aggregation and coiling of such fine fibrils 
by thermal agitation. The best method involves the formation 
of monofilms, either of the nucleic acid alone or of a mixture 
with a solution of serum albumin. It is then possible to obtain 
separated elementary fibrils and an estimate of their average 
length. This allows a comparison with length determinations 
by light scattering. 


45. Effects of Hydrochloric Acid and Desoxyribonuclease 
on Thymonucleoprotein.' WaLTeR J. FRrajoia,* MaArigzE 
GREIDER, AND JacosB G. RaBATIN, Department of Physiological 
Chemistry, and The Herman A. Hoster Research Laboratory of 
the Dept. of Medicine, Ohio State University, Columbus 10, 
Ohio.—Electron micrographs of thymonucleoprotein reveal a 
network of fibers of varying diameters. If a Formvar grid 
containing DNP is placed into 1N HCI at 55° for 5 minutes, 
then washed, dried and shadowed, the resulting micrographs 
show fibers which are much more pronounced, more uniform, 
more rigid appearing, and which have spherical globules at all 
junctions. If the DNP is incubated in DNase, only a mass of 
irregularly shaped particles is observed instead of the fibrous 
network. When the DNase treatment is followed by acid, 
sphérical globules without any trace of fibers are apparent. 
When the acid treatment is followed by the DNase, the pro- 
nounced fibrous network is revealed as before, but the material 
at the junctions of the fibers is no longer spherical. Flattened 
masses appear as though previously coiled globules have 
become uncoiled by the DNase treatment. 


1 Introduced by George G. Cocks. 


46. The Ultrastructure of Mitotic Chromosomes and of 
Salivary Gland Chromosomes. G. Yasuzum1,' Department of 
Anatomy, Medical School, Osaka University, Osaka, Japan.— 
To simplify the preparation of the electron microscope speci- 
mens the author has modified the squash technique of plant 
cytology. The method has afforded a good general view of the 
mitotic-chromosomes of the oesophageal ganglion of Diptera. 
The salivary gland chromosome is found to comprise a multi- 
tude of longitudinal filaments which are of a helical nature 
with a width of ca 10 my. Electron microscopy furnishes defi- 
nite evidence for the presence of the matrix in which the struc- 


tural elements of salivary gland chromosomes are embedded. 
The euchromatin band is found to be a series of the twisted 
Feulgen-positive filaments coiled along the axis of the chromo- 
some. The helical structure is visible when the salivary chromo- 
some is successfully stretched in both longitudinal and trans- 
verse chromosomal axes and the matrix is dissolved. 


! Introduced by the Program Chairman. 


47. The Ultrastructure of the Interphase Chromosome. 
G. Yasuzumi,' Department of Anatomy, Medical School, Osaka 
University, Osaka, Japan.—The ultrastructure of the inter- 
phase chromosome is disclosed only after a careful study of 
the object prepared in several different ways. The methods 
employed are as follows: (1) Blendor, (2) ultrasonic vibration, 
(3) smear, (4) squash, and (5) section. The interphase chromo- 
somes were isolated from erythrocyte nuclei of the triton 
Triturus pyrrhogaster by means of a Blendor method and of 
ultrasonic vibration. They are of double coiled structure, 
frequently givening an image of a triple helix. At least 8 
chromofilaments have been revealed in the interphase chromo- 
some by Blendor method and smear method. The nucleus of 
the triton erythrocyte fixed in Flemming’s solution shows a 
coarse network of filaments radiating from the dense chromatin 
granules. The nucleolus is not demonstrated. The nucleus of 
the mouse liver cell fixed in 1.0 percent osmic acid buffered 
at pH 5.4 and in Flemming’s solution is composed of a dense 
nucleolus and a lot of coiled filaments radiating from the 
nucleolus. The ultrastructure of human and bull sperm heads 
has been found by a squash method to be composed of fila- 
mentous and globular macromolecules. 


1 Introduced by the Program Chairman. 


48. Isolated Chromosomes: Claims of Regular Helical 
Structures. A. R. T. DENUES,* THEODOR R. Marcus, AND 
Frances C. MottraM, The Sloan-Kettering Institute for Cancer 
Research, 444 East 68th Street, New York.—A further search 
was made for the regular helical forms claimed by others,!# 
despite indications that helically structured contaminants had 
been mistaken for isolated chromosomes.’ Normal and 
leukemic human leukocytes were disrupted by Waring Blendor 
or Logeman Mill, the chromosomes isolated and fixed with 
osmium tetroxide vapor. Double scanning of the normal 
material and of 20 000 threads from leukemic patients dis- 
closed only a few with visible finestructure, and no regular 
helices. If, as reported,? 2 percent of the material were so 
structured, 400 opportunities for its observation were nega- 
tive. Some regular helical structure was, however, again 
encountered in- contaminants, in a tissue culture. These 
measure 4X3 to 12 and show finestructure with a period 
near $y. Finestructures seen in whole isolated chromosomes 
will be illustrated and discussed. 


1G. Yasuzumi, et al., Chromosoma 4, 359-368 (1951); Experientia 8, 
218- 220 (1952). 
2 E. E. Polli, Biochimica et Biophysica i 10, 215-220 (1953). 
3A. L. Houwink, Experientia 8, 385 (1952). 
‘s, BF Denues, J Appl. Phys. 24, 117 (1953); A. R. T. Denues and 
C. A. Senseney, Experientia 9, 210-211 (1953). 


(6) Muscle 


49. Histology of Skeletal Muscle. H. Ruska, The Division 
of Laborutories and Research, New York State Department of 
Health, Albany, New York.—During investigation of muscles 
with hyaline degeneration induced by different experimental 
conditions, some observations have been made which seem to 
be of interest to normal histology. The tissue was fixed, em- 
bedded, and sectioned according to the methods used by 
Palade and Porter. Myofilaments are shown to occur through- 
out the whole myofibril. They are arranged in parallel planes, 
which, if separated by mechanical means, give the bandlike 
appearance of the fibrils seen in earlier muscle studies. The 
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structures of the sarcolemma, its connection with the reticulin 
fibrils of the interstitial tissue, and the development of these 
fibrils in the neighborhood of fibroblasts are illustrated. 


50. Changes in Muscle Following Tourniquet Injury, as 
Seen in the Electron Microscope.! Dan H. Moore,* Counci.- 
MAN MorGAn, LEON DMOCHOWSKI, AND Harry M. Rose.— 
Thin sections of mouse muscle taken at various times after 
release of two-hour tourniquet have been compared with 
normal tissues. The changes taking place are discussed. 


' To be presented as a demonstration. 


51. The Organization of the Filaments in Striated Muscle. 
H. E. Hux.ey,! Department of Biology, Massachusetts Institute 
of Technology, Cambridge, Massachusetts.—Striated muscle 
from frog (sartorius) and rabbit (psoas) has been examined, 
using a new thin sectioning technique described in an earlier 
paper (Hodge, Huxley, and Spiro). The electron micrographs 
obtained show that the A-bands contain a remarkable com- 
pound array of two different types of filaments, each lying 
parallel to the fiber axis. The larger filaments (diameter 
~110A) form a very regular hexagonal array; the smaller 
filaments (diameter ~40A) are arranged in sets of six around 
each of the larger filaments. In the J-band, only smaller fila- 
ments (diameter 40-50A) are visible; in the H-band, only 
larger filaments (diameter ~140A) are visible. These findings 
are compared with the results of low-angle x-ray diffraction 
studies on living muscle and on muscle from which ATP has 
been removed; their significance in terms of current concepts 
of muscle function is discussed. 


1 Introduced by C. E. Hall. 


52. The Location of Actin and Myosin in Striated Muscle. 
Jean Hanson* anv H. E. Huxtey,! Department of Biology, 
Massachusetts Institute of Technology, Cambridge, Massa- 
chusetts.—Cross-striated rabbit myofibrils, which are com- 
posed largely of the two proteins actin and myosin, have been 
examined in the electron microscope after standard extraction 
of myosin. Thin sections show that the thicker filaments 
(diameter ~110A) of the A bands, described by Huxley in 
the preceding paper, have been removed, while the thinner 
filaments (~40A) situated in both A and J bands remain. 
The A bands of myofibrils watched in polarized light or in 
phase contrast illumination during extraction of myosin lose 
their birefringence, and their density greatly diminishes. The 
fibrils disappear when actin is extracted. It is suggested that 
myosin, in the form of filaments ~110A in diameter is located 
in the A bands, while actin is found in both A and I bands as 
filaments ~40A wide. 


1 Introduced by C. E. Hall. 


' 53. An Electron Microscopical Study of L-Meromyosin. 
D. E. Puitpott* anp A. G. Szent-Gy6reoyi, The Institute for 
Muscle Research, The Marine Biological Laboratory, Woods 
Hole, Massachusetts.—L-meromyosin' constitutes 45 percent 
of myosin by weight. This protein has been crystallized by 
one of us and yields crystals which are needle shaped, 1-2u 
in width and 20—30y in length. The crystals are rather uni- 
formly anisotropic. The optimal conditions for their formation 
are 0.05 ionic strength and neutral pH. If the ionic strength 
is higher, the protein will dissolve. If it is lower, the protein 
forms a gel. The problems in maintaining these conditions 
while preparing the L-meromyosin for electron microscopy 
are discussed. Shadowed and unshadowed micrographs of the 
results are shown. A periodic structure of 485A+15A has been 
found on the crystals, which is seen only if the crystalline state 
was preserved during the preparation. If the crystals are al- 
lowed to swell by decreasing the ionic strength, a cubic ar- 
rangement is formed on the collodion with a periodic structure 


of 370A+15SA. It is interesting to note that the second periodic 
structure may correspond to that found in muscle. 


1A. G. Szent-Gyérgyi, ‘“‘Meromyosins, the subunits of myosin,” Arch. 
of Biochem. and Biophys. 42, 305-320 (1953). 


(7) Nerve 


54. The Submicroscopic Organization of Axon Material 
Isolated from Myelin Nerve Fibers. E. DE Rospertis* AND 
C. M. Franca, Instituto de Investigacién de Ciencias Bio- 
légicas, Depto. de Uliraestructura Celular, Montevideo, Uruguay. 
—A technique has been developed for the extrusion of axon 
material from myelinated nerve fibers. The nerve axon is then 
compressed and prepared for observation with the electron 
microscope. All the stages of preparation and purification of 
the axon material can be checked microscopically with phase 
contrast. Under the electron microscope the compressed axons 
show the presence of the following components: granules, 
neuroprotofibrils, and a membranous material. Of these only 
the larger granules are of microscopical dimensions. A con- 
siderable number of dense bodies is observed. Of these the 
largest resemble typical mitochondria of 250 my by 900 mu. 
In addition, rows or siuall clusters of dense granules ranging 
in diameter from 250 to 90 my are present. In several speci- 
mens fragments of a membrane 120-140A thick and intimately 
connected with the axon were found. The entire axon appears 
to be constituted of a large bundle of parallel tightly packed 
neuroprotofibrils among which the granules are interspersed. 
The neuroprotofibrils are of indefinite length and generally 
smooth. They are rather labile structures, more resistant 
in the toad than in the rat nerve. They vary between 100 and 
400A in diameter and in some cases disintegrate into very fine 
filaments (less than 100A thick). The significance of the sub- 
microscopic structures revealed by the electron microscopy 
of pure axons is discussed. 


1 At present, Walker Ames Professor of Anatomy, University of Wash- 
ington, Seattle. 


55. The Structure of the Nerve Sheath in Relation to Lipid 
and Lipid-Protein Layers. Betty BEN GEREN* AND FRANCIS 
O. Scumitt, Children’s Cancer Research Foundation, Boston, 
and Biology Department, Massachusetts Institute of Technology, 
Cambridge, Massachusetts.—This is a report of progress in the 
investigation of the location, structure, and properties of the 
thin lipid-protein film thought to be involved in the propaga- 
tion of the nerve impulse. Sections are shown of myelotropic 
(earthworm), metatropic (squid giant fibers), and proteo- 
tropic fibers (small fibers of lobster and squid). In addition 
to the layered structure of the lipid-protein sheath, the 
Schwann cell and particulates from it and from axoplasm are 
described. To permit interpretation of the layered structure of 
lipids and lipid-protein complexes in sections of fixed nerve, or 
other tissues, a program has been initiated on samples of pure 
lipids; the interlayer separation is observed in sections of 
fixed material and compared with that obtained by x-ray 
diffraction on the same samples. One example may be cited: 
pure, osmic-fixed, acetal phospholipid gave layer separations 
of 41A in EMG's as compared with 39A and 65A bands found 
with x-ray diffraction by Finean.' 


1J. B. Finean, Biochim. and Biophys. Acta 10, 371 (1953). 


56. The Microscopic and Submicroscopic Structure of the 
Synapsis in the Ventral Ganglion of the Acoustic Nerve. 
C. EsTABLE, MAGDALENA REISSIG, AND E. DE ROBERTIS,* 
Instituto de Investigacién de Ciencias Biolégicas, Depto. de 
Uliraestructura Celular, Montevideo, Uruguay.—The ventral 
ganglion of the acoustic nerve was selected for a microscopic 
and submicroscopic study of the interneuronal synapsis. 
Electron microscope observations of ultrathin sections of 
osmic acid-fixed material were compared with silver-stained 
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thick (304) and thin sections (0.5 to 1u) of the same material. 
The electron microscope observation shows typical club-like 
endings and end-feet in intimate contact with the cell surface. 
At the level of the synaptic junction the pre- and post-synaptic 
protoplasm are separated by a membrane of high electron 
density which is a continuation of the sheath which surrounds 
the terminal. This sheath has the same appearance and elec- 
tron density as the myelin sheath of the nerve fibers. At the 
synaptic junction the membrane varies in thickness between 
2000 and 320A. Some of the thinner membranes have a double 
lamellar appearance. The presynaptic protoplasm has a very 
low electron density and shows a few neuroprotofibrils and 
ovoidal granules of mitochondrial aspect. In some cases there 
are indications of an axon membrane about 100A thick. The 
postsynaptic protoplasm is more compact and of higher elec- 
tron density. Mitochondria and smaller granules are observed 
in the neighborhood of the synapsis. 


57. The Ultrastructure of the Retinal Rod Synapses of the 
Guinea Pig Eye. Fritior S. Sjistranp, Department of 
Anatomy, Karolinska Institutet, Stockholm, Sweden. The an- 
alysis of the ultrastructure of the sensory cells of the eye has 
been extended to the rod synapses. These synapses show a 
rather complicated three dimensional structural pattern. The 
extensions from the bipolars penetrate the vitreal surface of 
the terminal rod spherule and end in its interior in close con- 
tact with a complicated internal structure of the rod spherule. 
This synapse, therefore, may be classified as intracellular. 
A complete surface membrane covers the bipolar extension 
and a separate membrane delimits the rod synaptic structure. 
These two membranes are in a close contact. In the rod synapse 
characteristic structural units have been observed, including 
minute rodlets, which stain intensely with osmium, and minute 
granules which represent the major part of the synaptic 
cytoplasm. The same structural units have been observed in 
rod and cone synapses of perch and frog retinas. 


58. The Submicroscopic Organization of the Ciliary and 
Neuromotor Apparatus of Tetrahymena Geleii. E. De 
ROBERTIS AND MAGDALENA ReEIssIG,* Instituto de Investiga- 
cién de Ciencias Biolégicas, Depto. de Ultraestructura Celular, 
Montevideo, Uruguay.—Thin sections of the ciliate Tetra- 
hymena geleii were studied under the electron microscope. 
Observations were mainly made on the ciliary and neuromotor 
apparatus of the organism. The cilia covering the body surface 
are seen to be made up of 9 submicroscopic fibrils of about 
40 my in diameter and showing a definite periodic structure of 
45-50 mu. Each cilium is surrounded by an amorphous mem- 
brane. The cilia in the cytostomal region are more compact 
and closely packed in rows. In these cilia the existence of a 
helical filament with a period of 35 mz wound around each 
bundle of fibrils is suggested. A system of submicroscopic 
fibers, which is interpreted as belonging to the ‘“‘neuromotor”’ 
apparatus, is found in close contact with the basal endings of 
the cilia. In addition to these subpellicular parallel fibers of 
about 60-90 my in diameter, a network of closely set polygons 
formed by double-edged fibers of a similar diameter is found 
in 2 definite zone of the cell. The structure and probable func- 
tion of the so-called neuromotor apparatus are discussed on 
the basis of our findings. Thin sections of mitochondria show a 
fine internal structure and the presence of a single dense 
central body which we shall call mitochondrial corpuscle. 


Symposium on Methods in the Electron 
Microscopy of Solids 


Section A: Examination of Internal Structure 
by Sectioning 


Al. The Microtome for Ultrathin Sectioning. D. Spiro 
AND H. E. Hux.ey, M.I.T., Cambridge, Massachusetts. 


A2. The Fixation and Embedding of Tissue. K. R. Porter, 
The Rockefeller Institute for Medical Research, New York, 
New York. 

A3. The Evaluation of Electron Microscopy as a Cyto- 
logical Technique. E. W. Dempsey, Washington University, 
St. Louis, Missouri. 

Discussion: F. S. Sjéstrand, Karolinska Institutet, Stock- 
holm, Sweden, moderator. 


Discussion 


Section B: Examination of Surface Structure 
by Replication 


Bl. The Plastic Film Replicas. C. M. Scuwartz, Battelle 
Memorial Institute, Columbus, Ohio. 


B2. The Inorganic Film Replicas. C. T. Catsick, Bell 
Telephone Laboratories, Murray Hill, New Jersey. 


B3. A Critical Evaluation of Replication Methods. R. C. 
WituiaMs, University of California, Berkeley, California. 


Scientific Papers. V 
Applications (continued) 
(8) Clinical Problems 


59. Some Clinical Applications of the Electron Microscope. 
H. BRAUNSTEINER,'? The University of Vienna, Austria.—Al- 
though it may be too early to expect widespread clinical ap- 
plications of the electron microscope because of the present 
state of techniques, a few instances have been encountered in 
which information helpful to the clinician and to the clinical 
pathologist has been developed. These include functional 
abnormalities of the blood platelets in certain hemorrhagic 
disorders; discrimination of plasma cells from lymphatic cells 
and from osteogenic cells in sections; details of liver structure 
under normal and pathologic circumstances; and a functional 
study of the thyroid. 

1 Introduced by the Program Chairman. 


2 Present address: Memorial Center, 444 East 68th Street, New York, 
New York. 


60. An Electron Microscope Study of Radiation Damage 
in the Cell. James F. Marvin, Department of Radiology, 
University of Minnesota Hospitals, Minneapolis, Minnesota.— 
Studies are reported of the radiation injury to the glandular 
stomach of the mouse within a few minutes following doses of 
600 and 4000 roentgens of ionizing radiation. Micrographs are 
shown which present evidence of localized areas of damage. 


61. Isolated Human Chromosomes: Lengths in Normal and 
Cancerous Subjects. A. R. T. DENUEs,* JoHN J. BIESELE, 
THEODOR R. Marcus, AND FraANcEs C. Mottram, The Sloan- 
Kettering Institute for Cancer Research, 444 East 68th Street, 
New York, New York.—Lengths of interphase chromosomes 
isolated from leukocytes were found statistically similar in 
electron micrographs for normal and leukemic persons. Mean 
length and (mean deviation) for 571 threads from 6 leukemic 
patients were 5.3(2.3)u, against 4.6(2.1)u for 263 normal 
threads. Mean lengths were 25 percent greater than normal for 
some patients. Lengths of metaphase chromosomes in situ 
for 2 human epidermoid carcinomas in flourishing cultures 
appeared in preliminary light micrographs substantially 
(40 percent) shorter than for normal human embryo (hypo- 
tonically treated, Carnoy-fixed, Feulgen-stained material). 
The results for normal isolated chromosomes, 4.6(2.1)u, and 
for embryo in culture, 3.9(1.2)u, check with 5.6(1.7)u derived 
from Hsu’s metaphase characterization.' Such correspondences 
for isolated and metaphase chromosomes suggest an “arti- 
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ficial prophase’”’ during isolation. Much of this attends fixation 
and dehydration, for in two instances isolated leukemic 
chromosomes were longer in fresh wetmounts than in electron 
micrographs: 


(1) (2) 


Phase Phase 
contrast, Electron contrast, Electron 
fresh microscope fresh microscope 
Mean length 7.2 5.34 8.94 4.6u 
Mean deviation 3.0p 2.4p 3.8 2.04 
No. of observns. 143 178 105 146 


The dependence of chromosome length on technique and 
possible differences in cancer will be discussed. 


'T. C. Hsu, J. Heredity 43, 167-172 (1952). 


(9) Cell Division 


62. Behavior of the Cell Center and Certain Other Cyto- 
plasmic Components during the Mitotic Cycle of Ehrlich 
Carcinoma Ascites Cells. JoHn J. BiESELE* AND CLIFFORD E. 
Grey, Sloan-Kettering Institute for Cancer Research, 444 East 
68th Street, New York 21, New York.—Thin sections of Ehrlich 
mouse carcinoma ascites cells fixed in buffered osmic acid and 
neutral formalin and embedded in methacrylate were ex- 
amined with the electron microscope. The cell center was a 
rather compact mass of granules or vesicles, generally smaller 
and less dense than elements of the endoplasmic reticulum 
lying in more distal cytoplasm. By metaphase the endoplasmic 
structures lie peripherally, roughly parallel to the cell mem- 
brane. Some vesicle strings, endoplasmic or of cytocentral 
origin, are disposed between the poles of the cell and the meta- 
phase plate. Mitochondria, degeneration granules, and fat 
droplets occupy the intermediate cytoplasm in metaphase. 
Possibly crystalline arrays of particles earlier described by 
Selby! occur in the cytoplasm of a few cells, always maintain- 
ing at least a certain small distance from the nuclear mem- 
brane and sometimes lying in a definite relation to the nu- 
cleolus. In mitosis these possibly crystalline masses remain 
intact and their location is little changed. 


1C. C. Selby, “Electron-optical comparisons of the cytoplasm of normal 
and neoplastic cells.”” J. Appl. Phys. 24, 116-117 (1953). 


63. Changes in Cytoplasmic Fine Structure Accompanying 
Mitosis in Rat Sarcoma Cells. Keira R. Porter, The Rocke- 
feller Institute for Medical Research, New York 21, New York.— 
An earlier study of cells cultured from this sarcoma defined a 
vesiculated (endoplasmic) reticulum and small dense granules 
and strands 50-100 my in diameter as submicroscopic com- 
ponents of the cytoplasm. The present study has sought (a) 
to identify these structures in thin sections of the tumor and 
(b) to follow their distribution and change through the phases 
of cell multiplication. In the interphase the chromatin is 
diffusely distributed in a nucleus limited by a double mem- 
brane. The endoplasmic reticulum is evident as a continuum 
of relatively large strands and vesicles except in the vicinity 
of the centrosphere. Here there are small vesicles and granules 
(50-100 my) and bundles of what appear to be fine canaliculi, 
~30 my in diameter. In the prophase, marked by a margina- 
tion of chromatin in the nucleus, the larger vesicular elements 
of the reticulum lose prominence and the small vesicles and 
granules of the centrosphere are more widely distributed. In 
the metaphase the chromosomes are without membranes. The 
reticulum, prominent in the interphase, is absent and small 
granules and strands are uniformly distributed in the cyto- 
plasm. Spindle fibers are seen as condensations from the fibrous 
matrix of the cytoplasm. In the anaphase, the submicroscopic 
granules and strands seem evenly divided with the chromo- 
somes. The cell cortex thickens prominently at the plane 
of constriction. In the telophase, the chromosome mass ac- 
quires again a double membrane and the vesicles of the 
reticulum are again more prominent. 


64. Ultra-Thin Sections of Bacterial Cells. J. H1LL1ER AND 
G. B. CHAPMAN, Radio Corpoation of America, Laboratories 
Division, Princeton, New Jersey.—Sections of Bacillus cereus, 
made with the modified microtome previously reported, 
demonstrated some of the mechanics of cell division in this 
organism. ‘Peripheral bodies’’ appear annularly arranged at 
the surface of the protoplast at the point of division. Cell wall 
material is secreted centripetally as an annular disk and the 
peripheral bodies move inwards with the inner edge. After the 
cell wall completely partitions the cell, it thickens and splits 
to form independent cell walls for each daughter cell. Nuclear 
structures agree with previous observations. Preliminary 
observations of spore structure and sporulation have also 
been made. 


> 

65. Preliminary Experiments on Tryptic Digestion of 
Bacterial Cells. DonaLp C. Stuart, Jr., The Division of 
Laboratories and Research, New York State Department of 
Health, Albany, New York.—Present staining methods of 
bacterial cytology have made possible the differentiation be- 
tween nuclear and cytoplasmic nucleoproteins. Since an in- 
creased understanding of nuclear division might result from 
localization of the nucleic acids involved, attempts were made 
to remove the protein component of the nucleus. After fixation, 
bacterial cells of young cultures were digested by trypsin. 
Enzymatic treatment of alcohol- and formalin-fixed cells left 
empty cell membranes; however, osmium tetroxide led to a 
differential digestibility. Electron micrographs of the cells 
corresponded to a reversed picture of stained nuclei. Cyto- 
plasm was more resistant to digestion than nuclear areas. 
Since fixation is a denaturation of proteins, other methods of 
denaturation were tried. Ultraviolet light had the same 
differentiating effect as osmium fixation on digestibility of the 
cell content and, in addition, brought out a different distribu- 
tion of nuclei. Easy digestibility of the substance in the 
nuclear area may depend upon the low molecular weight of the 
proteins usually connected with desoxyribonucleic acids. 
Whether desoxyribonucleic acid remains in the cell after re- 
moval of protein and whether this nucleic acid can be pre- 
cipitated (as by lanthanum acetate) during digestion are 
questions being investigated. 


(10) Other Cells and Tissues 


66. Survey of the Electron Microscopic Research during 
the Last Year at the Department of Anatomy, Karolinska 
Institutet, Stockholm, Sweden. Fritior S. SjéstRAND, De- 
partment of Anatomy, Karolinska Institutet, Stockholm, 
Sweden (15 min).—The work of the research group at the 
Department of Anatomy, Karolinska Institutet, will be 
briefly surveyed. This work includes experimental studies on 
the mitochondria and other cytoplasmic structures in the 
kidney, the pancreas, the intestines, the heart muscle, and 
sea urchin eggs; and the structural analysis of the sensory cells 
of the retina and the organ of Corti, of chloroplasts, of normal 
and phage-infected bacteria, and of wood and cellulose. The 
technical experiences from ultrathin sectioning, fixation, and 
embedding will also be discussed. 


67. Some Results of the Application of a Freeze Drying 
Method to Biological Materials. PaAuL KAEsBERG, R. V. 
Rice, AND M. A. STAHMANN, University of Wisconsin, Madison, 
Wisconsin.—A modified freeze-drying method similar to that 
of Williams! for preparing biological specimens for electron 
microscopy is described. When solutions are sprayed directly 
onto film-covered microscope grids held at low temperatures 
by means of liquid air or dry ice and the water and volatile 
salts are removed by sublimation, specimens are obtained 
which retain their three-dimensional structure. The sublima- 
tion process has been carried out both in the spraying chamber 
and by transferring the frozen specimens in a “deep-freeze”’ 
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chest to a separate cold evacuation chamber. The method 
allows the preparation of many different specimens or dilutions 
in a short period of time. Results are comparable to those ob- 
tained by spraying onto filmed metal and then transferring to 
grids. Examples are shown of red blood cell ghosts, bacteria, 
viruses, and other biological specimens. 


*R. C. Williams, Exptl. Cell Research 4, 188 (1953). 


68. The Submicroscopic Structure of Animal Epidermis.' 
KeiTtH R. Porter, The Rockefeller Institute for Medical Re- 
search, New York 21, New York.—A study of the epidermis of 
larvae of Amblystoma punctatum has provided information on 
the structure of the cytoplasm, intercellular bridges, and the 
basement membrane. The cytoplasm is characterized by great 
numbers of fine filaments, ~60A thick, organized in dense 
skeins around channels of nonfibrous components. These 
skeins (presumably keratin) are localized mostly in the cortical 
regions of the cell and lie parallel to the epidermal surface. The 
“‘bridges”’ are small regions of contact shared by contiguous 
cells. They are characterized by (a) an apparent thickening 
of the cell membranes of both cells, (b) by tufts of fibrous 
material directed from them toward the cell interior, and (c) 
by the presence of striae across the fibrous tufts. There is no 
evident continuity of filaments or cytoplasm across the bridges. 
The epidermal cells rest on a basement membrane consisting 
of (a) a layer of dense granules subjacent to their plasma mem- 
branes, (b) under this a layer of unorganized material bending 
into (c) a fabric of fine fibrils. These fibrils are 130-150A in 
diameter and are striated at intervals of 350-400A. They are 
arranged in several layers parallel to the epidermal surface 
and, in successive layers, are oriented at right angles. With 
some variation these same features of fine structure are evident 
in the epidermis of the rat. 


! To be presented as a demonstration. 


69. Ultrastructure of the Pulmonary Alveolar Wall in 
Laboratory Mammals and in Man. Frank N. Low,! Depart- 
ment of Anatomy, Louisiana State University School of Medicine, 
New Orleans, Louisiana.—The alveolar walls of the lung are 
covered by a surface layer of epithelium which encloses a rich 
capillary network and tissue spaces.? The latter contains tissue 
fluid in which elastic fibers, unit fibers of collagen, cells and 
cytoplasmic debris are suspended. The elastic fibers take on 
osmium irregularly, are fenestrated with indistinct boundaries 
and are structurally amorphous. The unit fibers of collagen, 
ca. 300-350A thick, describe helical pathways in loose skeins 
and do not aggregate to form fibers visible in the light micro- 
scope. A basement membrane of variable thickness, not more 
than 1000A thick, adheres to both alveolar epithelium and 
capillary endothelium. The blood-air barrier consists of thinly 
attenuated epithelium and endothelium, and a real or (usually) 
potential tissue space between the nonadherent basal surfaces 
of these membranes. 


1 Introduced by James Hillier. 
? Anatomical Record 117, 2 (1953) (to be published). 


70. Fine Structure of Blood Capillaries. Georce E. PALADE, 
The Rockefeller Institute for Medical Research, New York 21, 
New York.—The structure of blood capillaries was studied in 
a number of organs such as skeletal muscles, heart, intestine, 
and pancreas. The endothelial cells form a continuous lining. 
Besides the usual cell components (nucleus, mitochondria, 
endoplasmic reticulum, small granular component), they 
possess two characteristic structural elements, namely: (a) 
intracellular fibrils of ~240A diameter; (b) a large number of 
vesicles concentrated immediately under the cell membranes 
facing both the capillary lumen and the pericapillary spaces. 
The vesicles, sometimes tightly packed in layers, are spherical 
in shape and measure ~650A in diameter. Many of these ap- 
pear to open at the surface of the cell membrane, A thin ir- 


regular layer of relatively dense material surrounds the out- 
side surface of the endothelia. In favorable places, it appears 
as a felt of extraordinarily fine fibrils, ~100A in diameter. 
This layer corresponds apparently to the basal membrane. 
The vesicles mentioned may represent a system for transport- 
ing fluids across the capillary wall and may account for the 
high permeability rate of the capillaries. For the interstitial 
lymph the system could work without any additional com- 
plication; for the blood plasma, however, a protein-retaining 
device has to be postulated at the level of the endothelial cells. 


71. Further Studies on the Minute Functional Anatomy of 
the Glomerulus and Tubules of the Rat Kidney. B. VINCENT 
Hatt and L. E. Rotn, Department of Zoology, University of 
Illinois, Urbana, Illinois and Division of Biological and Medical 
Research, Argonne National Laboratory, Lemont, Illinois.— 
To investigate the effect of fixation upon the resolution of fine 
structure in thin sections of the rat kidney by the electron 
microscope, three fixatives were used, all buffered at pH 7.4 
(5 percent formalin and formalin-alcohol followed by 1 percent 
OsO,, and OsO, only). Best results were obtained by rapid per- 
fusion of the kidney of anesthetized animals with Ringer’s 
solution, followed immediately by the fixative. Added contrast 
was obtained by removal of the methacrylate embedding ma- 
terial without apparent change in fine structure such as the 
“lining network” of glomerular capillaries. Similar pictures 
were obtained with all three fixatives of the ‘‘definitive’’ base- 
ment membrane including possible “‘filtration’”’ pores approach- 
ing 100A in diameter and the “lining network”’ of the glomeru- 
lar capillaries. The “foot processess” of the pericyte cells 
(visceral epithelium of Bowman's capsule) were most clearly 
resolved after formalin-alcohol fixation. With all three fixa- 
tives the brush border fibrils appeared as fine tubular exten- 
sions of the luminal surface of the proximal convoluted tubule 
cells. The appearance of cytoplasmic organelles of the Hirsh- 
Baker type Golgi body was similar with all fixatives, including 
a peculiar internal structural pattern. The fine structural 
pattern of mitochondria and erythrocytes was most readily 
seen in tissues fixed in osmium and formalin whereas nuclear 
heterogeneity was evident in tissues fixed in formalin-alcohol 
and in formalin. 


72. Observations on the Fine Structure of Hepatic Cells. 
Don W. Fawcett,! The Rockefeller Institute for Medical 
Research, New York 21, New York.—In an electron microscope 
study of rat liver new observations have been made on the 
mode of attachment of the cells, the nature of their free surface, 
and on the normal structure and method of division of their 
mitochondria. Cell surfaces contiguous with other liver cells 
have numerous stud-like processes which fit exactly into con- 
cavities of appropriate shape in the surface of the opposing 
cell. These processes are often expanded at their tip while the 
concavities which receive them are constricted around their 
base. An interlocking structure results which closely resembles 
a mortise and tenon. Assuming that the ectoplasm of liver cells 
is gelled, this device would insure firm attachment of adjacent 
cells. Cell surfaces which face sinusoids are covered with 
delicate filiform processes which are believed greatly to in- 
crease the surface area available for interchange of material 
between the bloodstream and the interior of the cell. The mito- 
chondria possess two distinct membranes. The outer is a 
smooth, continuous limiting membrane; the inner is thrown 
into narrow folds and slender villi which project inward. 
Under certain conditions mitochondria are observed which 
appear bisected by a thin transverse partition, comprised of 
two closely approximated membranes each continuous at its 
margin with the inner mitochondrial membrane. The interior 
of the mitochondrion is thus separated into two discrete 
halves each limited by its own membrane but both contained 
within a common outer mitochondrial membrane. This double 
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condition is tentatively interpreted as a stage in the division 
of the mitochondrion. 


1 Present address: Department of Anatomy, Harvard Medical School, 
Boston, Massachusetts. 


73. The Ultrastructure of the Anterior Pituary Gland as 
Revealed by Electron Microscopy. MariLyn G. FARQUHAR 
AND JAMES F. RINEHART, Department of Pathology, University 
of California School of Medicine, San Francisco.—UlItrathin 
sections of the anterior pituitary gland, when viewed by the 
electron microscope, present a bewildering array of cell forms. 
This is due in part to inherent structural variability of cells 
possessing different hormonal functions and, in part, to the 
functional state of the cells at the time they are fixed. Based 
upon electron microscopic observation of granule size, the 
cells can be divided into two major categories. Those with 
larger granules are alpha cells (acidophiles in light micros- 
copy), and those with finer granules are beta cells (baso- 
philes). The so-called chromophobes usually retain enough 
granules to be placed in one or the other category. The various 
cell forms seen are illustrated, and their probable hormonal 
action considered. Likewise, variations seen in the structure of 
the Golgi apparatus, mitrochondria, cytoplasmic canaliculi, 
and vesicles are related insofar as possible with the functional 
activity of the cell. 


74. Further Electron Microscopic Studies of the Epididymis 
and Pancreas of the Mouse. A. J. DALTON’ AND Marie D. 
FeLtx,' National Cancer Institute, Bethesda, Maryland.—Per- 
fusion with 1 percent osmic acid, pH 7.2, resulted in good 
preservation of cytoplasmic detail in cells of the epididymis 
and pancreas of the mouse. Electron micrographs of thin sec- 
tions of these cells show details of stereo-cilia, mitochondria, 
the basophilic substance, and the Golgi material. The surface 
membranes of the stereo-cilia possess a periodic structure with 
a periodicity of approximately 170A. Mitochondria of cells 
of the epididymis have the internal lamellated structure char- 
acteristic of those of other cell types. The basophilic substance 
of pancreatic cells consists at least in part of lamellae spaced 
approximately 1000A apart possessing a central plate of low 
electron scattering power approximately 70A wide. Extending 
outward with decreasing density for approximately 200A on 
each side of this central plate is a finely granular substance of 
high electron scattering power. The Golgi material consists 
of cylindrically arranged vacuoles marginated externally and 
internally by lamellae comparable to those of the basophilic 
substance. 


1 Introduced by Bolivar J. Lloyd. 


75. An Electron Microscope Study of White Blood Cells. 
CuiirForD E. Grey* AND JOHN J. BrEsELE, Sloan-Kettering 


Institute for Cancer Research, 444 East 68th Street, New York 21, 
New York.—Many sectioned normal white blood cells (human 
and mouse) were studied under the electron microscope in an 
attempt to establish identification standards for reference in 
the examination of leukemic cells. In thin, unstained sections 
granular leukocytes are readily distinguished from nongranu- 
lar leukocytes by the presence of many cytoplasmic granules 
and by nuclear morphology. Granular leukocytes: The cyto- 
plasm of neutrophiles and eosinophiles is packed with charac- 
teristic granules from 30 my to over 1p diameter. The nucleus 
consists of from one to six lobes, and often shows constrictions 
or filaments between lobes. In addition, eosinophile cytoplasm 
contains large, dense granules of elongate, angular shape. 
These are the eosinophilic (red) granules in Wright-stained 
blood smears. Cells believed to be basophiles differ radically 
from other granular leukocytes. The cytoplasm contains 
globules with a fine reticular matrix. These globules are ap- 
parently the basophilic granules in Wright-stained blood 
smears. Other cytoplasmic granules are rarely seen. The 
nucleus is small, irregularly oval, rather homogeneous and of 
low density. Nongranular leukocytes: Lymphocytes and mono- 
cytes have, except for a few submicroscopic granules in some, 
nearly the same appearance under the electron microscope as 
nongranular leukocytes in stained smears. So far, our electron 
microscopy reveals no differential characteristic between 
monocytes and lymphocytes. 


76. Brochosomes: Spheroids Associated with Cuticular 
Extensions of Insects. G. S. TuLLocH* anp J. E. SHAptRo, 
Biology Research Laboratory, Brooklyn College, Brooklyn, New 
York.—Hollow spheroids, varying in size from 240 to 600 my 
in diameter and occurring as aggregates or isolates, have been 
found associated with wings, wing scales, antennal hairs, and 
other cuticular extensions of insects. There is some structural 
variation in bodies but the predominant type, showing a net- 
like pattern of high- and low-electron scattering areas, sug- 
gested the term Brochosome (Brocho Bpéxos-mesh, some 
o&pya-body). Studies to determine their relation to insects in 
terms of species, geographic distribution, structure, and origin 
yield the following: (1) Although they are found among mem- 
bers of Homoptera, Hemiptera, Diptera, and Hymenoptera, 
there appears to be no phylogenetic connection. (2) They can 
be observed on insects from areas as widely separated as 
Nova Scotia and Mexico, New York and Tibet. (3) Specimens 
collected as far back as 1919 show typical well preserved bodies 
indicating a consistent relationship with the specimen ex- 
amined. (4) The ease with which Brochosomes are dislodged 
from wings and the fact that no attachments were observable 
suggest that they may be secretory derivatives of epidermal 
cells, perhaps released through pore canals during the forma- 
tion of integument. 
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